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? ?
Summary 
 
The functions of alveolar macrophages (AM) such as the release of 59Fe from  
cells loaded with [59Fe]iron hydroxide colloid and tumoricidal activity were profoundly 
impaired by ?-Irradiation only in the C3H mouse. The cell viability of AM was also 
decreased markedly by?-irradiation only in C3H mouse AM. The AM of C57Black/6 
(B6) mice, Balb/c mice and four strains of rats were much more radioresistant than 
the C3H mouse AM. Irradiation induced high levels of apoptosis in C3H mouse AM. 
Irradiation also induced significant apoptosis in peritoneal resident macrophages 
(PRMs) of C3H mice, but not other strains of mice. In order to investigate the role of 
DNA damage in the apoptosis, DNA damage was quantified in PRMs using the 
alkaline single cell gel electrophoresis (Comet) assay. No significant difference was 
found between C3H and B6 mice in either radiation-induced DNA damage or repair. 
Irradiation induced apoptosis at the same level in PRMs of p53 knockout mice and 
atm knockout mice as in those of wild type C3H mice, however radiation-induced 
apoptosis was significantly less extensive in thymocytes of these mutant mice than 
those of wild type mice. Apoptosis was also induced at the same level by irradiation in 
PRMs of C3H scid mice as in those of wild type C3H mice. Therefore, it was 
suggested that radiation-induced DNA damage and TP53, ATM or DNA-PK-mediated 
cellular responses occurring downstream thereof were not involved in radiation-
induced apoptotic cell death in C3H mouse PRMs. In the study to identify reactive 
oxygen species or other molecules responsible for radiation-induced apoptosis in 
C3H mouse PRMs, it was found that many commercially available superoxide 
dismutases and catalases were significantly contaminated with lipopolysaccharide 
and that even a very small quantity of lipopolysaccharide could affect the extent of 
radiation-induced apoptosis in PRMs of C3H/HeN mice which had been frequently 
used in previous studies. Radiation-induced apoptosis was observed in PRMs of 
C3H/HeJ mice, a LPS low responder strain, at the same level as that in PRMs of 
? ?
C3H/HeN mice. Hydroxyl radical scavengers, a peroxynitrite scavenger or an inhibitor 
of nitric oxide synthesis did not affect the apoptosis in C3H/HeJ mice. In contrast, the 
apoptosis was significantly inhibited by treatment with a pharmacological scavenger 
of superoxide anion, Tiron. Intracellular peroxide levels were not elevated by 
irradiation at doses high enough to induce apoptosis at maximal level, however 
treatment with hydrogen peroxide significantly increased intracellular peroxide levels 
at a dose inducing roughly half the level of maximal apoptosis. Radiation-induced 
apoptosis in C3H mouse PRMs was markedly suppressed by superoxide dismutase 
introduced into the cells using the HVJ envelope vector, but not catalase. It was 
concluded that superoxide played the major role in radiation-induced apoptosis in 
C3H mouse PRMs. No significant difference in the protein expression of superoxide 
dismutase in PRMs was found between C3H and B6 mice. However, the enzyme 
activity of superoxide dismutase was significantly lower in C3H than B6 mouse PRMs. 
Therefore, irradiation-induced apoptosis observed only in C3H mouse macrophages 
might be attributed to the lower enzyme activity of superoxide dismutase .  
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1. General introduction 
? ?
1. General introduction 
The author has been committed to the study of 239Pu toxicity at the National 
Institute of Radiological Sciences (Kubota et al. 1993, Sato et al. 1994, Kubota et al. 
1997, Sato et al. 2001). With the proposed use of mixed oxide fuels of 238U and 239Pu 
in current light water reactors and the development of Liquid Metal Fast Breeder 
Reactors, there will be a marked increase in the quantities of these radionuclides 
present in the nuclear inventory and there exists an increased potential for exposure 
to these radionuclides at both environmental and industrial levels. Therefore, there 
has been increasing concern over the potential toxicity of plutonium and other 
transuranic radionuclides, and studies aimed at elucidating the biological effects of 
plutonium have been performed in the institute as a national research project. 
The most likely intake of plutonium in humans occurs through the inhalation of 
plutonium oxide particles suspended in air. Plutonium oxide particles are quite 
insoluble, retained for a long time in the lung after being deposited and known to 
cause crucial radiation-induced lung damage such as radiation pneumonitis, 
pulmonary fibrosis and pulmonary neoplasms. 
    Particulate matter deposited in the lung is phagocytosed by pulmonary alveolar 
macrophages (AM). AM are tissue macrophages and play important roles in host 
defense due to their robust ability to phagocytose microorganisms and particulate 
toxicants. Soluble particles phagocytosed by AM are dissolved in the phago-lysosome, 
digested, and released as a soluble matter from the cells. On the other hand, 
insoluble particles are retained in AM and relayed continuously to younger AM. As 
plutonium oxide particles are insoluble and retained in AM, AM must receive a 
relatively large dose of irradiation. If the physiological number and/or functions of AM 
are affected by irradiation, part of the toxicity of radionuclides such as plutonium 
retained in AM might be dependent on the effect of radiation on AM. Therefore, the 
effect of radiation on the functions and viability of AM has been studied. McLennan et 
al. (1980) demonstrated the highly radioresistant property of rat AM with respect to 
? ?
viability. Lin et al. (1982) and Lin and Hsu (1989) showed that pulmonary alveolar 
macrophage colony-forming cells were more resistant to?-irradiation than peritoneal 
exudate macrophage colony-forming cells. The authors also reported that ? -
irradiation up to 100 Gy did not affect the ability of Wistar rat AM to digest 59Fe-
hydroxide colloid (Takahashi et al. 1990). Taya and Mewhinney (1992) examined the 
cytotoxicity of 241AmO2 particles in dog AM cultured in vitro and showed that a 
considerable load of 241AmO2 particles (?18.5 kBq 241AmO2 particles per 1.5X106 AM) 
resulted in a decrease in viability. From these studies, it has been concluded that AM 
are generally radioresistant compared with other cells. However, the authors found 
that the effect of ?-irradiation on AM from C3H mice and Wistar rats, the animal 
strains most frequently used at this institute, was quite different. This novel finding 
was the origin of a series of studies performed in order to elucidate the radiosensitive 
characteristics of C3H mouse macrophages. 
   In the next chapter (chapter 2. Effect of?-irradiation on the function and viability of 
alveolar macrophages in mice and rats), the finding that the AM of the C3H mouse 
are much more sensitive to?-irradiation than those of other strains of mice and some 
strains of rats regarding cellular functions, cell viability and induction of apoptosis is 
described in detail (Kubota et al. 1992, Kubota et al. 1994). 
Chapter 3 (Radiation-induced apoptosis in peritoneal resident macrophages of 
C3H mice) shows that marked apoptosis is induced by ?-irradiation in C3H mouse 
peritoneal resident macrophages (PRMs) as well as C3H mouse AM and that 
radiation-induced DNA damage and DNA damage-related molecules such as TP53, 
ATM and DNA-PK known to be indispensable in a number of cases of radiation-
induced apoptosis, are not involved in the radiation-induced apoptotic cell death in 
C3H mouse PRMs (Kubota et al. 2004a). 
The study described in Chapter 4 (Significant contamination of superoxide 
dismutases and catalases with lipopolysaccharide-like substances) is a kind of side-
product. In the study to identify reactive oxygen species or other molecules 
? ?
responsible for radiation-induced apoptosis in C3H mouse PRMs, it was found that 
many commercially available superoxide dismutases and catalases were significantly 
contaminated with lipopolysaccharide (LPS) and that even a very small quantity of 
LPS could affect the extent of radiation-induced apoptosis in PRMs of the C3H/HeN 
mouse, a strain that had been used frequently in previous studies (Kubota et al. 
2004b). 
In the study described in chapter 5 (Irradiation-induced apoptosis in peritoneal 
resident macrophages of C3H mice: Selective involvement of superoxide anion, but 
not the other reactive oxygen species), C3H/HeJ mice, a low LPS responder strain, 
were used throughout the experiments in order to demonstrate the contribution of 
reactive oxygen species to radiation-induced apoptosis in C3H mouse PRMs. A series 
of experiments demonstrated that superoxide played a major role in radiation-induced 
apoptosis in C3H mouse PRMs (unpublished data).  
Chapter 6 presents a summary. Future studies necessary for complete 
elucidation of the mechanisms of radiation-induced apoptosis in C3H macrophages 
are also proposed.  
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2. Effect of ?-irradiation on the function and viability of alveolar macrophages in mice 
and and rats 
? ?
2-1. Introduction 
   Many kinds of toxic particulate matter are suspended in the air. These particulates 
inevitably invade the lung with respiration. Animals have some defensive mechanisms 
to remove the particulate matter deposited in the lung. Alveolar macrophages (AM) 
play a crucial role in defense due to their robust ability to phagocytose, transport, and 
digest inhaled particulates. When the particulate matter suspended in air is radioactive, 
AM may receive a relatively large dose of radiation directly from particulates inhaled 
and deposited in the lung (kubota et al. 1988). If the physiological number and/or 
functions of AM are affected by irradiation, part of the toxicity of airborne radioactive 
particulate matter might be attributed to the effect of radiation on AM. Therefore, the 
effect of irradiation on the functions and viability of alveolar macrophages (AM) has 
been studied. McLennan et al. (1980) demonstrated a highly radioresistant property of 
rat AM with respect to viability. Lin et al. (1982) and Lin and Hsu (1989) showed that 
pulmonary alveolar macrophage colony-forming cells were more resistant to?
-irradiation than peritoneal exudate macrophage colony-forming cells. The authors 
reported that ?-irradiation up to 100 Gy did not affect the ability of Wistar rat AM to 
digest 59Fe-hydroxide colloid (Takahashi et al. 1990). Taya and Mewhinney (1992) 
examined the cytotoxicity of 241AmO2 particles in dog AM cultured in vitro and showed 
that a considerable load of 241AmO2 particles (?18.5 kBq 241AmO2 particles per 
1.5X106 AM) resulted in a decrease in viability. From these studies, it has been 
concluded that AM are generally radioresistant compared with other cells. However, no 
studies have compared the radiosensitivity of AM in different animal species using the 
same experimental protocol. The authors studied the effect of ?-irradiation on AM 
from C3H mice and Wistar rats, the two animal strains most frequently used at this 
institute, and found that the effect on the function of AM differed considerably between 
the C3H mouse and Wistar rat. Furthermore, a study to assess the effect of?
-irradiation on the tumoricidal activity of mouse AM showed that ? -irradiation 
significantly impaired the tumoricidal activity of C3H mouse AM at doses that did not 
? ??
affect it in other strains of mice. These results prompted us to investigate the species 
and strain differences in the effect of ?-irradiation on the functions and viability of AM. 
The AM of C3H mice are much more radiosensitive than those of C57Black/6 (B6) and 
Balb/c mice and some strains of rats with respect to cellular function and viability. The 
possible mechanisms of the phenomenon are discussed. 
? ??
2-2. Materials and Methods 
Animals and AM preparations 
Eight- to 16-week old female C3H/HeN mice, C57Black/6 (B6) mice, Balb/c mice and 
Wistar rats were obtained from the animal facility of our institute. Female Fisher 344, 
Sprague-Dawley (SD) and Lewis rats at 8-12 weeks of age were obtained from SLC 
Co Ltd (Shizuoka, Japan). A pathological examination after bronchoalveolar lavage 
showed that all the animals were free of pulmonary disorders. After the animals were 
anesthetized with halothane and killed by exsanguination, the lungs were lavaged with 
calcium and magnesium-free phosphate-buffered saline (PBS) 10 times and the 
lavage fluid centrifuged to separate the cell fraction from the supernatant. We collected 
0.5-1.0X106 cells per mouse and 0.5-1.0X107 per rat. The proportion of AM was ?
95% of the lung lavage cells based upon?morphological criteria, with the remainder 
being lymphocytes and neutrophils. More than 98% of AM were viable according to 
trypan blue exclusion. Cells from a group of mice were pooled to obtain an adequate 
number of cells for each experiment. The lung lavage cells were washed once with 
PBS and resuspended to specific concentrations in ?-modified MEM (ICN Flow, 
Rockville, MD, USA) containing 10% heat-inactivated fetal calf serum (C & C Lab, 
Tokyo), 100 units/ml penicillin and 100?g/ml streptomycin. The cell suspensions were 
irradiated with 137Cs at a dose rate of about 12.5 Gy/min. Immediately after irradiation, 
the cells were plated in 96-well microculture plates (Falcon 3072, B&D Lab, NJ, USA) 
or 35 mm tissue culture dishes (Falcon 3001), and cultured at 37 ? in a humidified 
atmosphere of 5% CO2 in air to allow them to adhere to the plates or dishes. Two 
hours after incubation, the culture supernatants containing non-adherent cells were 
discarded and the adherent cells were studied. The number of non-adherent cells was 
determined using a Coulter counter (Model Zf, Coulter Electronics, Hialeah, FL, USA). 
The initial cell number, that is, the number of adherent cells, was calculated by 
subtracting the number of non-adherent cells from the total introduced into the plates 
or dishes. The initial cell numbers were not significantly affected by ?-irradiation. 
? ??
Effect of ?-irradiation on 59Fe release from AM 
   Bronchoalveolar lavage cells were collected by lung lavage with Ca-Mg-free 
phosphate-buffered saline (PBS) 24 hr after the instillation of [59Fe]iron hydroxide 
colloid into the lungs of Wistar rats and C3H/He mice as described above. The 
methods used to prepare [59Fe]iron hydroxide colloid and to administer it into the lungs 
were described in detail in previous studies (Sato et al. 1985, Takahashi et al. 1990). 
The recovered cells were washed, resuspended in Eagle MEM and irradiated with a 
137Cs unit at a dose rate of 12.5 Gy per minute. Immediately after irradiation, the cells 
were plated in 96-well microtest plates and allowed to adhere for 2 hr. Adherent cells 
(AM) were washed with PBS to remove nonadherent cells and cultured in fresh 
medium for up to 3 days. In some experiments, a chelating agent, Ca diethylene 
triamine pentaacetic acid (Ca DTPA), and macrophage activating substances 
(lipopolysaccharide and interferon?) were added to the medium. At 24, 48, and 72 hr 
after irradiation, the rate of 59Fe release was determined by measuring the activity of 
59Fe in the supernatant and in the adherent cells with an automatic well- type gamma 
counter. 
Assay of tumoricidal activity in AM. 
  The tumoricidal activity of AM was quantified according to the method of Lambert 
and Paulnock (1987) with a slight modification. In brief, irradiated and non-irradiated 
AM plated in 96-well culture plates at a density of 5X104 cells/well were incubated with 
1 ?g/ml bacterial lipopolysaccharide (LPS, Difco Laboratories, Detroit, MI, USA), 20 
units/ml recombinant murine interferon-? (IFN-?, Shionogi Pharmaceutical Co. Ltd., 
Osaka, Japan) or 10-6 M A23187 (Sigma, St Louis, MO, USA) alone or in combination. 
Twelve hours thereafter (14 hr after irradiation), AM were washed once with fresh 
culture medium and EL-4 target cells (200 ? l, 104 cells/well) labeled with 
3H-thymidine (New England Nuclear, Boston, MA, USA) were added. The plates were 
incubated for an additional 48 hr. Thereafter, the cell-free supernatant was removed 
from each well and the amount of 3H released from EL-4 cells into the medium was 
? ??
measured using a liquid scintillation counter. 
Determination of cell viability in AM 
   The viability of AM was determined by two different means: vital staining with 
crystal violet which was originally developed for a tumor necrosis factor bioassay (Ruff 
and Gifford 1980), and by trypan blue exclusion. For vital staining, AM were cultured in 
triplicate in 96-well microplates at a density of 5X104 cells/well. Thereafter, AM were 
washed 2-3 times with PBS, stained for 15-20 min with 0.1 % crystal violet in 1 % 
methanol then washed extensively with tap water. The culture plates were allowed to 
dry completely and 100?l of 0.5 % SDS was added to each well. The solution was 
transferred into plastic tubes and diluted 20 fold with distilled water. The absorbance of 
each sample was then measured using a spectrophotometer at a wavelength of 540 
nm. At each time point after irradiation, the optical density (OD) of the non-irradiated 
control AM was taken as 100 % and the OD of irradiated AM was expressed as a 
percentage of the control. The mean percentage OD and the standard deviation of the 
mean were calculated for each dose point in at least three separate experiments. AM 
viability was also determined by trypan blue exclusion as follows. AM were cultured in 
duplicate in 35-mm tissue culture dishes at a density of 2X105 cells/dish. Twenty-four 
hours after irradiation, AM were separated into non-adherent and adherent fractions by 
washing with PBS. The cell numbers in the non-adherent fractions were determined 
with a Coulter counter, and the viability was determined by trypan blue exclusion. The 
number of adherent cells was determined using a Coulter counter after detaching the 
cells from dishes with 5 % Zap-oglobin II (Coulter Electronics) in PBS. The viability of 
the adherent cells was determined by trypan blue exclusion under an inverted 
phase-contrast microscope. Two dishes were prepared for each dose point; the cell 
number being determined in one and the viability in the other. The mean values and 
the standard deviations of the means were calculated from three separate 
experiments. 
? ??
Colony-forming ability of mouse AM 
   AM of C3H, B6 and Balb/c mice were obtained as described above, and irradiated 
using an X-ray generator (Shimazu Co. Ltd., Tokyo, Japan) operated at 200 kVp and 
20 mA. X-irradiation was used instead of?-irradiation, since the dose-rate of the 137Cs 
units used in the other experiments was too high to irradiate the cells accurately within 
the dose range of this experiment. After irradiation, the cells were washed, 
resuspended in growth medium, plated in triplicate in 35-mm tissue dishes at 3-5X103 
cells/dish, then cultured for 14 days at 37 ??under 5 % CO2 and 95 % air. The growth 
medium was ?-modified MEM containing 10 % heat-inactivated fetal calf serum, 
10 % heat-inactivated horse serum (C&C Lab) and 300 units/ml of recombinant murine 
GM-CSF (Sumitomo Pharmaceutical Co. Ltd., Osaka, Japan). The colonies consisting 
of ?50 cells were enumerated. In each experiment, the non-irradiated control was 
taken to have 100 % colony formation, and values at the other dose points were 
expressed as a percentage of the normalized control value. The mean percentage and 
standard deviation were calculated at each dose point from 9 to 12 dishes of at least 
three separate experiments. 
Morphological study of AM 
   The morphological features of AM after ?-irradiation were observed by light 
microscopy. AM from C3H and B6 mice as well as Wistar rats were?-irradiated as 
described above, and cultured in 35-mm tissue culture dishes for 6 hr. Thereafter, the 
cells were washed once with PBS and fixed with acetic acid-ethanol (1:3) for 15-20 
min and stained with Giemsa. The percentage of cells showing pyknosis and nuclear 
fragmentation was evaluated by observation under a microscope. 
DNA extraction and agarose gel electrophoresis 
   DNA was extracted by the method of Martin et al. (1990) with a slight modification. 
The crude DNA was extracted twice from the cell lysates using phenol-chloroform 
buffered with 0.1 M Tris-HCl (pH7.8), then precipitated in the presence of 0.2 M NaCl 
and 70 % ethanol at –20 ??for 1 hr. Finally, the DNA was rinsed with 70 % ethanol, 
? ??
and resuspended in 20-30?l of Tris-EDTA buffer. DNA electrophoresis was carried out 
in a 1.2 % agarose gel containing 0.5?g/ml of ethidium bromide at 20 V for 15 hr in 
TBE buffer containing 0.5?g/ml of ethidium bromide. Hind III and EcoRI digests of ? 
phage DNA were applied to each gel as size markers. 
? ??
2-3. Results 
   The effect of irradiation on the release of 59Fe from C3H mouse and Wistar rat AM 
loaded with [59Fe]iron hydroxide colloid was investigated. As shown in Table 1, the 
release from the mouse AM was enhanced dose dependently, but that from the rat AM 
was not affected by irradiation up to 112 Gy. In order to assess whether irradiation had 
an effect similar to known macrophage activating substances, the effect of Ca-DTPA, 
interferon ?, lipopolysaccharide, and irradiation on 59Fe release was studied using 
Wistar rat AM. The combination of Ca-DTPA, interferon?, and lipopolysaccharide 
remarkably increased the release of 59Fe from AM, but ?-irradiation had no effect 
(Table 2).  
   Figure 1 shows the effects of?-irradiation on the tumoricidal activity of C3H mouse 
AM toward EL-4 tumor cells. C3H mouse AM were fully activated to kill the target cells 
by 20 units/ml of recombinant murine IFN-????????g/ml of LPS. Although the 
calcium ionophore A23187 could replace IFN-??in activating thioglycollate-exudated 
peritoneal macrophages (data not shown), AM were not activated by the combination 
of A23187 and LPS. ? -Irradiation impaired the tumoricidal activity of optimally 
activated C3H mouse AM in a dose-dependent way. The tumoricidal activities were 
decreased to about 68 and 16 % of the non-irradiated control by irradiation with 25 and 
50 Gy, respectively. 
   The effects of?-irradiation on the tumoricidal activity of AM from C3H, B6 and 
Balb/c mice were compared (Table 3). IFN-??and LPS both induced similar levels of 
tumoricidal activity by the AM from all three strains. These levels in B6 and Balb/c mice 
were not significantly decreased by irradiation with 50 and 100 Gy. In contrast, 
irradiation with 100 Gy almost completely abolished the tumoricidal activity of C3H 
mouse AM. 
   The viability of AM was determined 24 hr after irradiation by vital staining with 
crystal violet (Figure 2). The percent OD indirectly indicates the viability of adherent 
AM. Irradiation with 100 Gy decreased the OD to 70-80 % of control values in AM of 
? ??
B6 and Balb/c mice. In contrast, the OD in C3H mouse AM was decreased 
exponentially by irradiation in a dose-dependent manner, being ?5 % of the control 
OD at 100 Gy. 
   Figure 3 shows the time-dependent change in the viability of C3H mouse AM, 
determined by vital staining, after various doses of irradiation. Two hours after 
irradiation, the percent OD in AM irradiated with 100 Gy was similar to that in control 
AM. The OD decreased to about 50 % of the non-irradiated control at 6 hr, to 10 % at 
12 hr and to 4 % at 24 hr after irradiation. 
   The viability of irradiated AM was also evaluated by trypan blue exclusion (Table 4). 
The ability of non-irradiated AM to adhere to the tissue culture dishes after 24 hr of 
culture varied considerably among the strains examined. About 98 % of the AM of the 
C3H mouse were still adherent at 24 hr. On the other hand, 50 % of SD rat AM were 
detached from the dishes by washing with PBS. The effect of?-irradiation on the total 
viability determined by this procedure correlated well with that obtained by vital 
staining: AM from four strains of rats as well as B6 and Balb/c mice were relatively 
radioresistant, whereas?-irradiation with 50 and 100 Gy remarkably impaired the 
viability of C3H mouse AM. 
   The effect of X-irradiation on the proliferative function of AM was also investigated 
in mice by means of the colony formation assay. A fraction of mouse AM can 
proliferate and form colonies in vitro in the presence of growth factors such as IL-3, 
GM-CSF and M-CSF. Figure 4 shows the effect of irradiation on the colony-forming 
ability of AM from C3H, B6 and Balb/c mice cultured in the presence of recombinant 
murine GM-CSF. Under our experimental conditions, the mean cloning efficiencies of 
C3H, B6 and Balb/c mouse AM were similar, at about 10 %. The dose-response 
curves had relatively wide shoulders and were thereafter exponential. There was no 
significant difference in the dose-response curves of the three strains. 
   Since?-irradiation induced cell death especially in C3H mouse AM, the irradiated 
C3H mouse AM were observed morphologically. Figure 5 shows C3H and B6 mouse 
? ??
and Wistar rat AM 6 hr after irradiation. Condensed nuclei (pyknotic cells) and nuclear 
fragmentation were observed significantly more frequently in C3H mouse AM 
irradiated with 2.5 (data not shown) than in controls, and in 40-50 % of C3H mouse AM 
irradiated with 50 Gy (Fig. 5B). These morphological changes in C3H mouse AM 
resembled the morphologic features of apoptotic cell death observed in the other types 
of cells. DNA fragmentation, another typical feature relating to apoptosis, was 
evaluated by DNA agarose gel electrophoresis. Figure 6 shows the migration profile of 
DNA extracted from C3H and B6 mouse and Wistar rat AM in agarose gels. DNA from 
50 Gy-irradiated AM of the C3H mouse revealed a distinct ladder migration pattern, 
indicating internucleosomal DNA fragmentation that was a representative feature of 
apoptosis. 
   The effect of some chemical substances on the apoptosis induced by irradiation in 
C3H mouse AM was studied morphologically as described above (Table 5). The 
percentage of cells with condensed cell nuclei and nuclear fragmentation increased to 
?70 % of the total number of cells 6 hr after irradiation with 100 Gy. Adding ZnSO4 to 
AM immediately after ? -irradiation almost completely suppressed these 
morphological changes (Figures 5 and 6). Actinomycin D, an inhibitor of RNA 
synthesis, and cycloheximide, an inhibitor of protein synthesis, reportedly inhibit 
apoptosis induced by irradiation in thymocytes. However, actinomycin D or 
cycloheximide alone induced a high level of apoptosis in non-irradiated AM of the C3H 
mouse after 6 hr. These inhibitors induced a significantly high level of apoptosis also in 
B6 mouse and Wistar rat AM. 
 
?
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Table 1. The effect of?-irradiation on 59Fe release from mouse and rat alveolar macrophages 
loaded with [59Fe]iron hydroxide colloid. 
Species                                Dose (Gy) 
                    14             28             56             112 
mouse           3.7?0.7a      24.7?6.1       37.3?8.5       45.8?6.3 
rat               3.5?0.4        3.6?0.6        3.4?0.8        3.9?1.2 
 a:59Fe activity released to supernatant from alveolar macrophages during 48 hr after irradiation, 
expressed as a percentage of whole 59Fe activity. 
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Table 2. Effect of Ca-DTPA, interferon ?, lipopolysaccharide, and ?-irradiation on 59Fe release 
from rat alveolar macrophages loaded with [59Fe]iron hydroxide colloid. 
Ca-DTPA   Medium      IFN-?a                Irradiation (Gy) 
(mM)                                   14            28            56 
Without LPS 
0        3.5?0.9b     3.6?0.5      3.8?0.3      3.4?0.5      3.7?0.2 
0.33     3.4?1.7      4.0?0.2      4.2?0.4      4.7?0.3      5.0?0.5 
1.0      5.1?1.1      6.4?0.4      5.0?0.4      5.9?0.5      5.5?0.6 
3.3      6.7?0.4     15.8?0.4      7.2?2.0      7.6?0.5      7.7?0.8 
With LPS 
0        5.7?1.0b    23.0?2.8      6.2?1.0      6.7?0.4      7.0?0.8 
0.33    19.7?2.7     72.3?2.8     21.7?2.2     23.2?4.2     23.8?2.0 
1.0     35.7?2.8     81.0?3.7     34.8?3.9     36.1?3.5     36.9?1.6 
3.3     50.9?3.8     84.8?3.7     44.4?2.4     43.3?2.2     45.5?3.8 
Abbreviations: DTPA, diethylenetriamine pentaacetic acid; IFN- ? , interferon ? ; LPS, 
lipopolysaccharide. 
a:Murine recombinant interferon? (300 unit/ml) 
b:59Fe activity released to supernatant from rat alveolar macrophages during 48 hr after irradiation, 
expressed as a percentage of whole 59Fe activity.?
?
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Table 3. Effect of ?-irradiation on the tumoricidal activity of mouse AM 
  Mouse   Dose                           Treatment 
  Strain    (Gy)        Medium          IFN??           LPSc           IFN?+LPS    
  C3H      0         7.9?2.1a            15.1?2.9        12.1?1.8              86.2?9.5 
           50         3.5?1.2               6.7?2.3         5.1?3.4              14.7?4.9 
          100         0.0?0.0               0.0?0.0         0.0?0.0                0.0?0.0 
 
   B6       0         5.1?1.4             11.8?1.5         8.2?0.9              88.6?8.7 
           50        10.8?4.8             14.2?5.6        10.5?4.2              86.3?9.8 
          100        17.6?8.5             22.5?9.7         8.9?3.0              80.5?7.7 
 
Balb/c     0         7.6?0.8             13.0?1.2         9.9?1.1              70.6?8.5 
           50        10.7?3.3              14.6?2.5        12.8?3.8              67.7?8.8 
          100        11.3?1.1              18.9?3.2        11.5?2.3              61.1?5.9 
aMean percentage of cytolysis and standard deviation from three separate experiments. 
Cytolytic activity was assessed as described in Materials and Methods and Fig.1. 
bMurine recombinant interferon-?, 20 units/ml. 
cLipopolysaccharide, 1 ?g/ml 
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Table 4. Viability of mouse and rat AM 24 hr after irradiation   
Strain         Dose                   Percentage of initial cell numbera
/species       (Gy)      Adherent fractionb      Non-adherent fractionc     Total cell viabilityf 
Wistar  rat       0     89.3?4.7d(98.7?0.8)e     9.7?1.4(85.9?3.3)        95.9?4.5 
               50     86.6?5.7 (96.1?5.7)      8.6?1.5(80.2?4.6)        90.1?4.8               
              100     80.3?7.6 (95.2?5.5)     12.9?2.5(81.9?6.6)        87.2?5.7 
  
SD  rat         0     45.5?4.8 (97.1?5.3)     50.6?5.1(93.4?5.8)        91.3?0.9 
               50     46.5?6.3(95.2?1.1)     48.7?2.9(89.6?3.8)        87.8?5.5 
              100     50.3?6.7(94.7?1.5)     41.5?3.7(95.6?1.2)        87.4?5.6 
 
Fisher rat        0     66.5?6.7(98.7?0.8)     31.9?3.2(92.4?1.5)        92.9?4.6 
               50     65.3?9.3(98.4?5.7)     28.6?3.7(89.7?7.2)        90.5?5.9 
              100     56.2?5.8(96.2?6.8)     35.4?6.8(91.2?5.4)        86.4?5.7 
 
Lewis  rat       0     59.5?4.1(97.9?6.1)     38.5?4.7(87.9?7.2)        92.1?4.5 
               50     65.5?8.3(98.6?8.8)     33.2?7.2(88.3?6.7)        93.4?8.5 
              100     53.9?6.1(97.6?7.4)     42.9?7.9(86.4?9.9)        88.7?8.1 
 
B6 mouse       0     74.6?9.4(97.7?6.3)     24.2?5.2(64.2?7.9)        89.0?9.7 
               50     77.1?8.9(86.2?3.4)     21.9?8.5(55.8?6.6)        79.1?9.0 
              100     66.2?7.5(88.7?7.6)     18.4?3.6(51.3?5.1)        68.2?8.1 
 
C3H mouse     0      97.7?8.3(99.3?2.6)      2.9?0.4(77.6?3.9)        99.4?5.5 
               50     48.0?5.2(44.4?4.5)     26.7?6.2(14.1?2.1)        25.1?3.6 
              100     24.6?2.0(13.1?3.1)     30.9?3.8( 5.2?3.0)          4.7?0.7 
 
Balb/c mouse    0     89.1?5.2(98.3?4.1)      8.9?1.1(75.0?4.3)         93.5?5.3 
               50     85.0?5.4(89.5?5.0)     12.3?2.1(57.3?4.0)         83.0?5.2 
              100     82.2?3.5(84.4?4.4)     12.0?1.5(50.8?1.9)         75.6?3.1 
aInitial cell number was that of AM adherent to dishes after 2 hr of culture and was taken as 100 %. 
bAdherent fraction: AM still adherent to dishes after washing with PBS after 24 hr in culture. The cell 
number in the adherent fraction was expressed as a percentage of the initial cell number. 
cNon-adherent fraction: AM washed out with PBS after 24 hr in culture and the cell number in the 
non-adherent fraction was expressed as a percentage of the initial cell number. 
dValues are means of percentage cell numbers and the standard deviations of the means in three 
separate experiments. 
eValues in parentheses are the percentage cell viabilities determined by trypan blue exclusion. 
fTotal cell viability, expressed as a percentage of the initial cell number, was calculated from the 
percentage cell number and the percentage cell viability of both adherent and non-adherent fractions. 
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Table 5. Induction of apoptosis in AM 
Percentage of apoptosisa                         
  Treatment          C3H mouse           B6 mouse            Wistar rat 
None              0.5?0.2             0.4?0.2              0.5?0.1 
50 Gy ?-irradiation        45.3?5.7             1.3?0.2              1.0?0.2 
100 Gy ?-irradiation       74.7?6.5             2.0?0.5              1.3?0.3 
100 Gy ?-irradiation   
+ Cycloheximideb          96.6?9.5            96.0?7.4             45.6?6.2 
100 Gy ?-irradiation     
+ Actinomycin Dc          90.9?8.7            93.1?8.1              48.0?5.7 
Cycloheximide            90.6?8.5            92.2?7.6              47.3?6.8 
Actinomycin D            93.5?9.9            90.1?8.1              40.0?8.4 
100 Gy ?-irradiation     
+ ZnSO4d                 5.7?2.6              0.7?0.4               0.8?0.4 
aPercentage of apoptosis was determined by counting cells with morphologically apoptotic 
features under a microscope after 6 hr. 
bCycloheximide at a concentration of 5X10-5 M. 
cActinomycin D at a concentration of 1X10-6 M. 
dZnSO4 at a concentration of 0.33 mM. 
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Figure 1. Effects of gamma irradiation on the tumoricidal activity of C3H mouse AM.
 Results are expressed as percent cytolysis, calculated according to the following
formula: cpm released in wells with AM - spontaneous release / total cpm incorporated -
spontaneous release X100.
AM were treated with lipopolysaccharide (LPS) at a concentration of 103 ng/ml,
recombinant murine interferon-gamma (IFN) at a concentration of 20 units/ml  or calcium
ionophore A23187 at a concentration of 10-6M alone or in the combination indicated.
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Figure 2. Effect of irradiation on the viability of mouse and rat AM. Vertical bars indicate
standard deviations of the means. There was no significant difference among rat AM of four
strains at each dose point.
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     Figure 3. Time-dependent change in the viability of C3H mouse AM after
                irradiation at  various doses.  Vertical bars indicate standard deviation
                of the means.
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Figure 4. Effect of X-irradiation on the colony-forming ability of AM from three strains of
mouse. Vertical bars indicate the standard deviation of the means.
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Figure 6. DNA fragmentation of irradiated C3H mouse AM. 
Lane 1, molecular size markers, Hind III and EcoRI digests of ?
phage DNA 
Lane 2, non-irradiated C3H mouse AM 
Lane 3, 50 Gy-irradiated C3H mouse AM 
Lane 4, non-irradiated B6 mouse AM 
Lane 5, 50 Gy-irradiated B6 mouse AM 
Lane 6, non-irradiated Wistar rat AM 
Lane 7, 50 Gy-irradiated Wistar rat AM 
Lane 8, C3H mouse AM treated with 0.33 mM ZnSO4 immediately
after irradiation with 50 Gy 
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2-4. Discussion 
   Several investigators have demonstrated that AM are radioresistant with respect to 
many cellular functions including clonality (McLennan et al. 1980, Lin et al. 1982, Lin 
and Hsu 1989, Takahashi et al. 1990, Taya and Mewhinney 1992). Macrophages other 
than AM, peritoneal exudate macrophages (Perkins et al. 1966, Schmidtke and Dixon 
1972, Lin 1975, Stewart et al. 1975, Gallin et al. 1984, Lambert and Paulnock 1987), 
blood monocytes (Lin 1977, Kwan and Norman 1978), and pleural exudate 
macrophages (Chu and Lin 1976) have also proved to be more radioresistant than 
cells of other lineages. Therefore, the finding that the release of 59Fe from C3H mouse 
AM loaded with [59Fe]iron hydroxide colloid was markedly enhanced by irradiation was 
surprising. In order to strengthen the evidence that C3H mouse AM were easily 
affected by irradiation, the influence of?-irradiation on the tumoricidal activity of 
mouse AM was studied. Lambert and Paulnock (1987) reported that?-irradiation with 
100 Gy did not impair the tumoricidal activity of thioglycollate-exudated peritoneal 
macrophages of Balb/c mouse and that irradiation could actually replace the action of 
IFN-? as a priming signal for AM activation. As shown in Table 3, the tumoricidal 
activities of B6 and Balb/c mouse AM incubated in medium alone, IFN-??or LPS, 
were only slightly enhanced by?-irradiation, being inconsistent with the data of 
Lambert and Paulnock (1987). This discrepancy might be attributed to the origins of 
the macrophages and target tumor cells. The tumoricidal activities of fully activated B6 
and Balb/c mouse AM were not significantly influenced by ?-irradiation with 100 Gy, 
whereas cell viability was decreased to 70-80 %. The surviving AM might have 
acquired more cytolytic activities than non-irradiated AM. However, it was also 
possible that the radiosensitive cells in these cultures are not cytolytic cells. In contrast, 
the tumoricidal activity of C3H mouse AM was completely disrupted by?-irradiation at 
a dose of 100 Gy. The mechanism involved in this remarkable decrease in tumoricidal 
activity was investigated by evaluating the viability of AM after?-irradiation. Vital 
staining and trypan blue exclusion revealed that the ?-irradiation induced severe cell 
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membrane damage and cell death in C3H mouse AM (Figure 2 and Table 3). AM are 
non-dividing quiescent cells in vitro in the absence of growth factors (McLennan et al. 
1980). In fact, the cultured AM could not be labeled with 3H-thymidine at all, whereas in 
the presence of a growth factor such as IL-3, GM-CSF or M-CSF, AM incorporated 
3H-thymidine and actively divided (data not shown). Therefore, it is apparent that the 
decrease in the number of C3H mouse AM induced by?-irradiation under our 
experimental conditions without growth factors was due to interphase cell death, not 
proliferative (reproductive) cell death. 
   It has been reported that interphase cell death can occur via either of two 
morphologically and biochemically distinct modes: necrosis or apoptosis. Apoptosis is 
commonly observed under physiological conditions when death is either foreseen 
(programmed) or is a controlled response to mildly pathological or sublethal stimuli 
(Martin and Cotter 1991). Radiation is a potent agent for the induction of apoptosis in a 
number of cell types. Apoptosis has been defined based on two hallmarks (Kerr et al. 
1972, Wyllie 1980): a characteristic cell morphology including nuclear condensation 
and fragmentation, and the internucleosomal DNA fragmentation revealed by DNA 
electrophoresis. All the observations shown in Figure 5 and 6 indicated that the 
interphase cell death of C3H mouse AM by?-irradiation was apoptotic. Numerous 
studies have demonstrated that zinc ions inhibit the apoptosis induced by chemical 
and physical agents in several types of cells (Duke et al. 1983, Cohen and Duke 1984, 
Cohen et al. 1985, Kizaki et al. 1988, Nieto and Lopez-Rivas 1989, Martin et al. 1990, 
Odaka et al. 1990, Martin and Cotter 1991). As shown in Table 5 and Figures 5 and 6, 
the death of C3H mouse AM caused by?-irradiation was inhibited by 0.33 mM ZnSO4, 
which provided additional support for the notion that apoptotic cell death was caused 
in C3H mouse AM by ?-irradiation. 
   It is also known that apoptosis induced by irradiation in thymocytes is inhibited by 
cycloheximide (a protein synthesis inhibitor) or actinomycin D (a RNA synthesis 
inhibitor), suggesting that new protein synthesis is necessary for irradiation-induced 
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apoptosis (Wyllie et al. 1984, Sellins and Cohen 1987, Yamada and Ohyama 1988, 
Kizaki et al. 1989). In the present study, however, apoptosis in C3H mouse AM was not 
prevented by these inhibitors. Therefore, the apoptosis in C3H mouse AM induced by 
?-irradiation might be induced by a mechanism that differs from that in thymocytes. 
These inhibitors actually induced apoptosis of C3H and B6 mouse AM, and Wistar rat 
AM regardless of?-irradiation. Studies have demonstrated that actinomycin D or 
cycloheximide induces apoptotic cell death in vitro or in vivo in some proliferating cells, 
including mouse intestinal crypt cells (Searle et al. 1975, Ijiri and Potten 1983, 1987), 
avian leukemic myeloblasts (Heine et al. 1966), mouse osteogenic sarcoma cells 
(Schwartz et al. 1966), mouse ascites tumor cells (Searle et al. 1982) and human 
leukemic HL-60 cells (Martin et al. 1990). More recently, Waring (1990) reported that 
gliotoxin, another inhibitor of the synthesis of macromolecules, induces apoptosis in 
Balb/c mouse peritoneal macrophages. 
   We examined the effect of irradiation on the proliferative function of murine AM by 
conducting colony-formation assays. The radiosensitivity of AM with respect to colony 
forming ability did not differ among the three strains of mouse, including C3H (Figure 
4). Irreversible double-strand DNA breaks are most probably responsible for the 
proliferative cell death induced by irradiation (Evans et al. 1987, Iliakis et al. 1988, 
Eguchi-Kasai et al. 1991). Assuming that the decreased proliferative function in murine 
AM following irradiation was dependent on irreversible DNA strand breaks, ?- or 
X-irradiation should induce similar damage in mouse AM with colony-forming ability 
(AM-CFC; AM colony-forming cells) from the three strains. Some possibilities would 
have to be considered in order to explain the mouse strain difference in the apoptotic 
cell death of AM induced by?-irradiation, but no strain difference in the radiosensitivity 
of AM-CFC. One explanation is that the apoptosis induced in AM by ?-irradiation is 
also dependent upon irreversible DNA strand breaks, as proposed by Carson et al. 
(1986), but the quantity and/or quality of the damage produced at much higher doses 
than those used for the colony formation assay, would differ among mouse strains. 
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AM-CFC are a small fraction of AM (only 10 % of the total) and another major fraction 
which loses colony forming ability and is probably more mature and differentiated than 
AM-CFC, might gain a different level of radiosensitivity among mouse strains. There is 
another possibility that the intracellular process after the production of DNA strand 
breaks by?-irradiation, for example the induction of p53 protein which seems to be 
required for the induction of apoptosis in murine thymocytes by ?-irradiation, differs 
among AM of various mouse strains, even if DNA strand breaks are the initial stimulus 
for the apoptosis and the levels of induced DNA strand breaks in AM are similar 
among strains. Another explanation is that apoptosis induced in AM by irradiation 
might be independent of the level of DNA strand breaks. 
   This study showed that, even in C3H mouse AM which are more radiosensitive 
than the other AM regarding the induction of apoptosis, considerable doses of ?
-irradiation were necessary to induce apoptosis. This finding contrasts with the fact 
that apoptosis is induced at a relatively low dose of irradiation in some cell lineages, 
for example, about 5 Gy irradiation can induce apoptosis in ?50 % of thymocytes. At 
present it remains unclear why a remarkable apoptosis is induced only at high doses 
of irradiation in AM and its physiological meaning. AM which are continuously exposed 
to inhaled toxicants might inherently induce programmed cell death only when they 
encounter a severe insult. As far as we are aware, this is the first report demonstrating 
that C3H mouse AM undergo interphase cell death after?-irradiation, and that the 
death by irradiation is due to apoptosis. 
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2-5. Conclusion 
   ?-Irradiation induced marked 59Fe release from C3H mouse AM loaded with 
[59Fe]iron hydroxide colloid, but not from Wistar rat AM. The tumoricidal activity of C3H 
mouse alveolar macrophages (AM) was completely abolished by 100 Gy ?
-irradiation, whereas the activity of AM of C57Black/6 (B6) and Balb/c mice was not 
significantly affected. The viability of AM, determined by both vital staining with crystal 
violet and by trypan blue exclusion, was decreased markedly by?-irradiation only in 
the C3H mouse. AM of B6 mice, Balb/c mice and four strains of rat were much more 
radioresistant than C3H mouse AM with respect to cell viability. On the other hand, the 
effect of irradiation on the colony-forming capacity of AM was essentially the same in 
the three strains of mouse. Morphological examination of irradiated C3H mouse AM 
and the DNA migration pattern in agarose gel indicated that?-irradiation induced high 
levels of apoptosis in C3H mouse AM. These results suggest that the apoptotic cell 
death induced by?-irradiation at doses that do not affect AM of the other strains of 
mouse and rat explains the radiosensitivity of C3H mouse AM with respect to cell 
functions and viability. 
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3-1. Introduction   
In the former chapter (2. Effect of ? -irradiation on the function and 
viability of alveolar macrophages in mice and rats), it was demonstrated that 
C3H mouse alveolar macrophages (AM) were much more radiosensitive 
than AM of C57Black/6 (B6) and Balb/c mice and some strains of rats with 
respect to cellular functions and viability. The functional impairment and the 
decreased viability in irradiated C3H mouse AM were attributed to 
radiation-induced apoptotic cell death. The finding was surprising because a 
number of studies had concluded that normal tissue macrophages were 
generally resistant to ionizing radiation. Whether C3H mouse tissue 
macrophages other than AM were also more radiosensitive than those of the 
other mouse strains was of interest. In this chapter, peritoneal resident 
macrophages (PRMs) as representative of normal tissue macrophages other 
than AM were examined in order to confirm the mouse strain difference in 
the radiosensitivity of normal tissue macrophages. Several investigators 
have studied the effects of radiation on peritoneal macrophages (Perkins  et 
al. 1966, Schmidtke and Dixon 1972, Lin 1975, Stewart et al. 1975, Gallin et 
al. 1984, Lambert and Paulnock 1987), but there is no report showing a 
strain difference in the radiosensitivity of peritoneal macrophages. The 
present study shows that ionizing radiation induces remarkable apoptotic 
cell death in peritoneal resident macrophages (PRMs) of C3H mice, but not 
other strains of mouse.  
Next, a possible mechanism of apoptosis particularly induced in C3H 
mouse PRMs by ionizing radiation was studied. Ionizing radiation is a typical 
DNA damaging agent and is known to induce apoptosis in various cell types 
via the intracellular signal transduction pathways originating from DNA 
damage. In a number of studies, DNA damage-induced apoptosis has been 
reported to be dependent on p53 (Clark et al. 1993, Lowe et al. 1993, 
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Enokido et al. 1996, Araki et al. 1998). The author also showed that 
apoptotic cell death and histological damage induced by ionizing radiation in 
the fetal brain of mouse were definitely dependent on p53 (Kubota et al. 
2000a). Recently, Konishi et al. (2003) reported an intriguing finding that 
histone H1.2 released into the cytoplasm was a crucial molecule in 
apoptosis induced by DNA double-strand breaks. The release of histone 
H1.2 was also dependent on p53. Several proapoptotic Bcl-2 family proteins 
(Bax, Noxa and Puma) are transcriptionally activated by p53 during DNA 
damage-induced apoptosis (Miyashita and Reed 1995, Oda et al. 2000, 
Nakano and Vousden 2001). The proapoptotic Bcl-2 family proteins have 
been reported to directly modulate outer mitochondrial membrane 
permeability (Antonsson et al. 2000 and 2001) and prompt the release of 
apoptogenic proteins such as cytochrome c, Smac/DIABLO, AIF and 
endonuclease G into the cytoplasm from the mitochondria (Wang 2001, Wolf 
and Green 2002). These apoptogenic molecules activate downstream 
programs of destruction including the caspases, a family of cysteine 
proteases that cleave various cellular proteins to cause apoptotic death 
(Wang 2001, Wolf and Green 2002). The mechanism that regulates the 
function of TP53, the p53 gene product, is not yet fully understood. However, 
ATM and DNA-PK have been found to play an important role in the functional 
modification of TP53 and apoptosis induced by DNA damage (Achanta et al. 
2001, Saito et al. 2002). Therefore, it was of interest to investigate whether 
radiation-induced DNA damage, the repair and TP53, ATM or DNA-PK- 
mediated cellular responses occurring downstream thereof were involved in 
radiation-induced apoptosis in C3H mouse PRMs. The present study 
suggests that these factors are not involved in the radiation-induced 
apoptotic cell death in C3H mouse PRMs.   
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3-2. Materials and Methods 
RPM preparations and irradiation:  All the animal experiments were carried 
out with the permission and according to the regulations of the Institutional 
Committees for Animal Safety and Welfare and for Safety of Experiments 
with DNA Recombination Techniques of the National Institute of Radiological 
Sciences, and in accordance with the Regulations on Appropriate Animal 
Breeding and Treatment, Ministry Office of Japan. Six-week-old female 
C3H/HeN (C3H), C57Black/6J (B6), Balb/c and DBA2   mice were 
purchased from a domestic breeder (SLC Co., Ltd, Shizuoka, Japan). p53 
knockout mice, atm knockout mice and scid mice with the C3H genetic 
background were established and bred at the institute. Genotyping of the 
knockout mice was performed by PCR analysis of DNA extracted from the 
tail. Mice were housed in a controlled environment with free access to food 
and water. Animals younger than 24 weeks old were used to obtain PRMs. 
After the animals were anesthetized with diethyl ether and killed by 
exsanguination, the peritoneal cavity was lavaged with calcium and 
magnesium-free phosphate-buffered saline (PBS). After centrifugation of the 
lavage fluid, cells were suspended in a culture medium which comprised ?
-modified MEM (Gibco BRL, Rockville, MD, USA) containing 10% 
heat-inactivated fetal calf serum (C&C Lab, Tokyo, Japan), 100 units/ml 
penicillin and 100 ? g/ml streptomycin, plated in 35-mm tissue culture 
dishes (Falcon 3001, B&D Lab, NJ, USA) and cultured at 37 ?  in a 
humidified atmosphere of 5 % CO 2 in air. One hour after the incubation, the 
dishes were washed several times with fresh culture medium to remove 
non-adherent cells. The cells remaining adhered to the dishes were referred 
to as PRMs. PRMs were irradiated with the 137 Cs ?  source at a dose rate 
of approximately 10 Gy/min and then further cultured as described above. In 
some experiments, the pan-caspase inhibitor Z-VAD-FMK  
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(carbobenzoxy-L-valyl-L-alanyl-beta-methyl-L-aspartyl-fluoromethane, 
Peptide Institute, Inc., Osaka, Japan) was added to the culture 1 hr before 
irradiation. 
Morphological analysis of PRMs:  The mode of cell death induced in PRMs 
by exposure to ? -irradiation was examined microscopically. Four hours 
after irradiation, the culture medium was gently aspirated from the culture 
dishes, and a fluorescent dye solution containing acridine orange and 
propidium iodide at concentrations of 10 ?g/ml and 20 ?g/ml in culture 
medium, respectively, was dropped on the dishes (Lizon and Fritsch 1999). 
After the placing of a cover slip, cells on the dishes were observed under a 
fluorescent microscope. The percentage of the sum of apoptotic cells with 
condensed and fragmented nuclei and post-apoptotic necrotic cells was 
calculated by observing at least 300 cells in individual samples. 
Occasionally PRMs were fixed and stained with Diff-quick (International 
Reagents Corp, Kobe, Japan) according to the manufacturer ’s directions. 
The microscopic images were photographed with a light microscope 
equipped with a CDC camera.  
Assay of caspase 3 activity:  Caspase 3 activity in PRMs was measured with 
a commercial caspase 3 fluorometric assay kit (Caspase 3/CPP32 
Fluorometric Protease Assay Kit, MBL, Nagoya, Japan). The assay protocol 
followed the manufacturer’s directions. 
Comet assay: The comet assay was performed following the method 
reported by Sasaki et al. (1997). In brief, 75 ? l of agarose GP-42 (Nakarai 
Co. Ltd., Tokyo, Japan) was quickly layered on a fully frosted slide 
(Matsunami Glass Industries, Ltd., Osaka, Japan) and covered with another 
slide. The sandwiched slides were placed on ice to allow the agarose to gel. 
After removal of the covering slide, the agarose was air-dried. Next, 75 ? l 
of SeaPlaque GTG agarose (BMA, Rockland, ME, USA) was layered in the 
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same manner on the first layer. The cell suspension recovered from culture 
dishes by extensive pipetting was mixed 1:1 (v/v) with 2 %, 45 ?  
SeaPlaque agarose and 75 ? l of the cell mixture was quickly layered on the 
second layer immediately after removal of the covering slide. Finally, 75 ? l 
of SeaPlaque agarose was quickly layered again. The slides were placed 
immediately in a chilled lysing solution (pH10) of 2.5 M NaCl, 100 mM 
Na 4 EDTA, 10 mM Trizma, 1 % sarkosyl, 10 % DMSO, and 1 % Triton X-100 
and kept at 0 ?  in the dark for 60 min. The slides were placed on a 
horizontal gel electrophoresis platform and covered with an ice-chilled 
alkaline solution made up of 0.3 M NaOH and 1 mM Na 2 EDTA. The slides 
were left in the solution in the dark at 0 ?  for 20 min. Then electrophoresis 
was conducted at approximately 1 V/cm for 60 min. After the electrophoresis 
was finished, the slides were rinsed gently 2 times with 400 mM Tris solution 
(pH7.5) to neutralize the excess alkali. Each slide was stained with 50 ? l of 
20 ?g/ml ethidium bromide, covered with a cover slip and observed under a 
fluorescent microscope. At least 15 individual comets were analyzed for 
each dose point in an assay and three independent assays were made. No 
attempt was made to select comets, though obvious debris and comets 
spaced too closely together were avoided. Fluorescent images of individual   
comets were digitalized using a digital camera system (Fiji Digital Camera 
HC-2500 system, Fuji Photo Film Co. Ltd., Tokyo, Japan). In order to obtain 
several parameters including the tail moment in the comet image, an image 
analysis was performed using LabWorks TM  image acquisition and analysis 
software from UVP, Inc. (Upland, CA, USA).  
Assay of thymocyte apoptosis: A cell suspension of thymocytes was made 
by teasing the dissected thymus on a stainless steel mesh, and exposed to 
X-ray irradiation at a dose rate of approximately 1 Gy/min. Thymocytes were 
cultured 6 hr after the irradiation, and then suspended in a fluorescent dye 
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solution containing acridine orange and propidium iodide at a concentration 
of 10 ? g/ml and 20 ? g/ml in culture medium, respectively. The cell 
suspension was dropped on a glass slide and the cells were observed under 
a fluorescent microscope after the placing of a cover slip. Percentages of 
the sum of apoptotic cells with condensed and fragmented nuclei and 
post-apoptotic necrotic cells were calculated by observing at least 300 cells 
in each sample. 
Statistical analysis: The mean and standard error were calculated from the 
data for independent samples. A two-sample Student’s t-test was used to 
evaluate the critical data. The difference between means was regarded as 
significant if the probability was less than 0.05 (p<0.05). 
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3-3. Results  
Radiation-induced apoptosis in PRMs: Significant morphologic changes 
were observed in the C3H mouse PRMs 4 hr after irradiation. The 
morphologic changes were due to typical apoptotic cell death (Fig.1). 
Numerous cells showed remarkable nuclear condensation and 
fragmentation, the morphological hallmarks of apoptosis (Searle et al. 1975 
and 1982, Wyllie et al. 1984), but were stained with vital dye acridine orange 
due to the intact plasma membrane. Post-apoptotic necrotic cells stained 
with propidium iodide due to membrane damage were also frequently 
observed. Percentages of apoptotic and post-apoptotic necrotic cells 4 hr 
after irradiation were evaluated (Fig.1.E). Irradiation induced significant 
apoptosis in C3H mouse PRMs, but not in B6, Balb/c and DBA2 mouse 
PRMs. Caspase 3 activity in the cell lysate was significantly increased in 
C3H mouse PRMs 4 hr after irradiation, but not B6 mouse PRMs (Fig.2.A). 
Irradiation-induced apoptosis in C3H mouse PRMs was completely inhibited 
by a pan-caspase inhibitor, Z-VAD-FMK (Fig.2.B).  
Comet assay: C3H and B6 mouse PRMs were irradiated at various doses 
and the DNA damage was quantified using the comet assay. Fig.3.A shows 
representative fluorescent images of comets. Fig.3.B shows the relation of 
the tail moment, one parameter of the comet image, and radiation dose. The 
comet assay was performed immediately after irradiation so as not to allow 
DNA damage repair. The tail moment linearly increased with irradiation dose 
and did not significantly differ between C3H and B6 mouse PRMs. In order to 
evaluate DNA damage repair in PRMs, C3H and B6 mouse PRMs were 
incubated at 37 ?  for various periods after irradiation at a dose of 20Gy, 
and then prepared for the comet assay. Most of the radiation-induced 
damage was repaired in 5-10min with the remaining DNA damage repaired 
gradually at a decreased rate (Fig.3.C). There was no significant difference 
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in the repair of DNA damage between C3H and B6 mice.  
Irradiation-induced apoptosis in PRMs of p53 knockout, atm knockout and 
scid mice: Fig.4.A shows radiation-induced apoptosis in thymocytes of 
p53(+/+), p53(+/-) and p53(-/-) mice. Significant apoptosis was induced by 
irradiation in thymocytes of wild type mice. The extent of the apoptosis in 
heterozygous mice was moderate, and no significant increase with radiation 
dose was seen in homozygous mutant thymocytes. On the other hand, 
radiation-induced apoptosis of C3H mouse PRMs was not affected by p53 
genotype (Fig.4.B). atm knockout mice were also used (Fig.4.C and D). A 
significantly less extensive apoptosis was induced in thymocytes of atm 
homozygous mutant mice than the thymocytes of atm heterozygous or wild 
type mice. However, irradiation induced apoptosis at the same levels in C3H 
mouse PRMs with different atm genotypes. Although the thymus of the C3H 
scid mouse was so small that thymocytes could not be prepared, PRMs of 
C3H scid mice were studied with respect to the radiation-induced apoptosis 
(Fig.4.E). No significant difference in radiation-induced apoptosis of PRMs 
was observed between scid and wild type mice. 
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Fig.1. Irradiation induced significant apoptosis in PRMs of C3H mice but not other strains of
mice. A-D: Microscopic images of PRMs 4 hr after irradiation at a dose of 40 Gy. A: B6
mouse PRMs stained with Diff-quick. B: C3H mouse PRMs stained with Diff-quick. C: B6
mouse PRMs stained with a fluorescent dye solution. D: C3H mouse PRMs stained with a
fluorescent dye solution.
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Fig.1. Irradiation induced significant apoptosis in PRMs of C3H mice but not other strains of
mice. E: The relation of apoptosis with irradiation dose. Asterisks indicate a significant
difference in apoptosis at the dose from that at 0 Gy of irradiation.
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Fig.2. Radiation-induced morphologic changes in C3H mouse PRMs were due to apoptosis
A: Caspase 3 activity in the cell lysate of PRMs 4 hr after irradiation, expressed as values
normalized to non-irradiated control. An asterisk indicates a significant difference from non-
irradiated control. B: Z-VAD-FMK suppression of   radiation-induced apoptosis in C3H
mouse PRMs. An asterisk indicates a significant difference of apoptosis in C3H mouse
PRMs treated with Z-VAD-FMK from that in C3H mouse PRMs without Z-VAD-FMK.
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Fig.3. Comet assay of PRMs exposed to irradiation. A: Representative fluorescent
microscopic images of comets. C3H mouse PRMs were prepared for comet assay
immediately after irradiation.
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Fig.3. Comet assay of PRMs exposed to irradiation.  B: The relation of tail moment with
irradiation dose. No significant difference in tail moment was found at any dose examined
between C3H and B6 mice. C: The decreased tail moment, i.e. DNA damage repair, with
time after irradiation. No significant difference in tail moment was found at any time
examined between C3H and B6 mice.
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Fig.4. Radiation-induced apoptosis in PRMs of p53 knockout, atm knockout and scid mice.
A: Radiation-induced apoptosis in thymocytes of C3H mice with different p53 genotypes. ?:
p53(+/+) wild type, ?: p53(+/-) heterozygous, ?: p53(-/-) homozygous mutant. Asterisks
indicate significant difference of apoptosis in p53(+/-) heterozygous or p53(-/-) homozygous
mutant mice at the dose from that in p53(+/+) wild type mice. B: Radiation-induced
apoptosis in PRMs of C3H mice with different p53 genotypes. ?: p53(+/+) wild type, ?:
p53(+/-) heterozygous, ?: p53(-/-) homozygous mutant. At the doses examined, no
significant difference was found among mice with different p53 genotypes.
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Fig.4. Radiation-induced apoptosis in PRMs of p53 knockout, atm knockout and scid mice.C:
Radiation-induced apoptosis in thymocytes of C3H mice with different atm genotypes. ?:
atm(+/+) wild type, ?: atm(+/-) heterozygous, ?: atm(-/-) homozygous mutant. Asterisks
indicate significant difference of apoptosis in atm(-/-) homozygous mutant mice at the dose
from that in atm(+/+) wild type mice. D: Radiation-induced apoptosis in PRMs of C3H mice
with different atm genotypes. ?: atm(+/+) wild type, ?: atm(+/-) heterozygous, ?: atm(-/-)
homozygous mutant. At the doses examined, no significant difference was found among mice
with different atm genotypes.
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Fig.4. Radiation-induced apoptosis in PRMs of p53 knockout, atm knockout and scid mice.
E: Radiation-induced apoptosis in PRMs of C3H scid mice. ?: C3H wild type, ?: C3H
scid/scid. At the doses examined, no significant difference was found between wild type and
scid/scid mice.
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3-4. Discussion 
Tissue macrophages are terminally differentiated and long-lived cells. 
They have been recognized to be radioresistant with respect to the induction 
of interphase cell death (Perkins et al. 1966, Schmidtke and Dixon 1972, 
McLennan et al. 1980). Therefore, the finding that PRMs of C3H mice, but 
not other strains, were sensitive to ionizing irradiation with respect to 
apoptotic cell death was surprising, and of interest. Even in C3H mouse 
PRMs, apoptosis was induced by irradiation at much higher doses compared 
with that in thymocytes. However, the fact that the dose range necessary to 
induce significant apoptosis in C3H mouse PRMs has been frequently used 
clinically, particularly in the field of tumor radiotherapy, makes the present 
study meaningful (Mizumoto et al. 2002).  
Biological effects of ionizing radiation are highly diverse and a number 
of targets have been identified, however, the evidence reported so far 
indicates DNA to be the most significant target (Nias 1998, Bedford and 
Dewey 2002). Damaged DNA is a cause of gene mutations, chromosomal 
aberrations, proliferative cell death and interphase cell death including 
apoptosis. A number of reports have demonstrated that DNA damage is a 
direct cause of radiation-induced apoptotic cell death as well as proliferative 
cell death (Clarke et al. 1993, Lowe et al. 1993, Konishi et al. 2003, Herzog 
et al. 1998). Therefore, it was of significance to evaluate whether 
radiation-induced DNA damage in C3H mouse PRMs was comparable to that 
in PRMs of other mouse strains. As a method to quantify DNA damage, the 
alkaline single cell gel electrophoresis (Comet) assay is frequently used. 
This assay allows one to quantify DNA damage (DNA single strand breaks 
and base damage) at the single cell level with high sensitivity (Sasaki et al. 
1997, Olive et al. 1990, Singh et al. 1991). Although several parameters of 
the comet image including tail length, percent DNA in the head and tail 
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distribution were analyzed, only tail moment calculated by multiplying the 
percentage of DNA in the tail by the distance between the means of the head 
and tail distributions showed excellent linearity with irradiation dose. The 
result was consistent with the report by Olive et al. (1990) that the highest 
correlation coefficient and greatest sensitivity for detecting DNA damage in 
Chinese hamster V79 cells following X-irradiation were obtained using the 
tail moment. On the other hand, Bock et al. reported that the DNA damage in 
resident or stimulated mouse peritoneal macrophages irradiated with UV-A 
could be well characterized by tail length without a complex measurement of 
the tail moment (Bock et al. 1999). These results suggest that the proper 
parameter should be selected for the best description of data in the image 
analysis of comets. The present study showed a clear dose-dependence on 
both the induction of apoptosis and DNA damage in PRMs (Fig.1 and Fig.3) 
that would suggest DNA damage-dependent apoptosis. In a number of cases 
of radiation-induced apoptosis, DNA damage formed instantly by irradiation 
and repaired rapidly, is found to activate apoptotic signaling pathways in 
sequence and execute apoptosis a few hours or later after irradiation 
(Clarke et al. 1993, Lowe et al. 1993, Konishi et al. 2003, Herzog et al. 1998). 
On the other hand, the radiation-induced DNA damage in C3H mouse PRMs 
susceptible to irradiation with respect to apoptosis and the repair were 
comparable to those in resistant B6 mouse PRMs, indicating that 
radiation-induced DNA damage did not always coincide with apoptosis in 
mouse PRMs. However, it could not be concluded that radiation-induced 
DNA damage and the repair were not involved in radiation-induced 
apoptosis in C3H mouse PRMs. It was possible that biochemical events 
occurring downstream of the DNA damage were not identical in PRMs of 
C3H and B6 mice. The tumor suppressor TP53 is the best-known molecule 
that responds to DNA damage (Kato et al. 2002, Rubi and Milner 2003). 
 ??
Recent studies have elucidated a pathway from DNA damage to p53 
activation. Initially, DNA-PK and/or ATM belonging to the inositol 3-OH 
kinase family recognize DNA damage and are activated (Chan et al. 2002, 
Merkle et al. 2002, Bakkenist and Kastan 2003). Subsequently they 
phosphorylate a number of substrates involved in cell cycle checkpoints, 
DNA damage repair and apoptosis. TP53 appears to be one of these 
substrates (Achanta et al. 2001, Saito et al. 2002). A number of studies have 
demonstrated that radiation-induced apoptosis was dependent on p53 
(Clarke et al. 1993, Lowe et al. 1993, Konishi et al. 2003, Kato et al. 2002). 
Several studies have also elucidated the role of DNA-PK and ATM in 
radiation-induced apoptosis (Nias 1998, Woo et al. 2002, Wang et al. 2000, 
Mori et al. 2002). In many of these studies, specific gene knockout mice 
were used in order to acquire a valid conclusion. p53 and atm knockout mice 
with the C3H background developed at our institute by extensive 
backcrossing were used in the present study. The radiation-induced 
apoptosis in PRMs was comparable between these mutant and the wild type 
mice, whereas thymocytes of the mutant mice were significantly more 
resistant to irradiation. PRMs of C3H scid mice possessing defective 
DNA-PK also showed radiation-induced apoptosis comparable to that in 
PRMs of wild type mice. The results indicate that TP53, ATM and DNA-PK 
are not involved in radiation-induced apoptosis in C3H mouse PRMs. As far 
as we know, DNA damage-induced, but not p53, atm or DNA-PK-dependent, 
apoptosis has not been reported. Therefore, the target of irradiation critical 
to induce apoptosis in C3H mouse PRMs may not be the DNA, although the 
possibility that cellular signals other than TP53, ATM or DNA-PK induced by 
DNA damage activate downstream pathways of apoptosis can not be 
excluded. 
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3-5. Conclusion 
Gamma ray-radiation induced significant apoptosis in peritoneal resident 
macrophages (PRMs) of C3H/HeJ (C3H) mice, but not other strains of mice. 
In order to investigate the role of DNA damage in the apoptosis, DNA 
damage was quantified in PRMs using the alkaline single cell gel 
electrophoresis (Comet) assay. No significant difference was found between 
C3H and C57Black/6 mice in either radiation-induced DNA damage or repair. 
Radiation induced apoptosis at the same level in PRMs of p53 knockout 
mice and atm knockout mice as in those of wild type C3H mice, however 
radiation-induced apoptosis was significantly less extensive in thymocytes 
of these mutant mice than those of wild type mice. Apoptosis was also 
induced at the same level by irradiation in PRMs of C3H scid mice as in 
those of wild type C3H mice. Therefore, it was suggested that 
radiation-induced DNA damage and TP53, ATM or DNA-PK-mediated 
cellular responses occurring downstream thereof were not involved in the 
radiation-induced apoptotic cell death in C3H mouse PRMs.    
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4. Significant contamination of superoxide dismutases and catalases with 
lipopolysaccharide-like substances 
  
 ??
4-1. Introduction  
   We have studied the mechanism of radiation-induced apoptosis in C3H 
mouse peritoneal resident macrophages (PRMs). In the former chapter (3. 
Radiation-Induced apoptosis in peritoneal resident macrophages of C3H 
mice), it was suggested that radiation-induced DNA damage and TP53, ATM 
or DNA-PK mediated cellular responses occurring downstream thereof were 
not involved in radiation-induced apoptotic cell death in C3H mouse PRMs. 
It is of interest to identify the target of irradiation for radiation-induced 
apoptosis in C3H mouse PRMs.  
It has been elucidated that reactive oxygen species (ROS) play crucial 
roles in a number of biological responses. Ionizing radiation is well known to 
directly produce ROS due to a robust ionizing action. It has been 
demonstrated that a significant part of the biological effect of ionizing 
radiation is mediated by ROS. In order to elucidate the roles of ROS, various 
ROS scavengers have been used. As the best known ROS scavengers, 
superoxide dismutase (SOD) which catalyzes the dismutation of superoxide 
radicals to hydrogen peroxide and molecular oxygen, and catalase which 
activates the decomposition of hydrogen peroxide into water and oxygen, 
have been frequently used in numerous fields of biomedical studies 
concerning ROS (Petkau et al. 1975, Knox et al. 1982, Petkau et al. 1984, 
Henderson et al. 1986, Fridovich 1987, Jones et al. 1990, Moreno-Manzano 
et al. 2000, Sawada et al. 2001, Wang et al. 2002). Therefore, we expected 
radiation-induced apoptosis in C3H mouse PRMs to be mitigated by SOD 
and/or catalase. Pretreatment with SOD and/or catalase significantly 
suppressed radiation-induced apoptosis. However, it also appeared to 
induce cellular activation in non-irradiated PRMs, suggesting that SOD and 
catalase themselves or unknown substances in the sample induced the 
macrophage activation. A series of experiments was performed in the 
 ??
present study to demonstrate the significant contamination of commercially 
available SODs and catalases with LPS.  
 ??
4-2. Materials and Methods 
Reagents:  SODs and catalases were purchased from Wako Pure Chemical 
Industries, Ltd. (Osaka, Japan) and Sigma Co. (St. Louis, MO, USA). A 
copper-zinc SOD purchased from Wako Pure Chemical Industries, catalog 
number ICN 190117 and a catalase purchased from Sigma Co., catalog 
number C-40 were used throughout the study. Lipopolysaccharides from 
E.coli, polymyxin B sulfate and cycloheximide were from Wako. Diff-Quik 
was from International Reagents Corp. (Kobe, Japan).  
Cell preparation and irradiation:  All the animal experiments were carried out 
with the permission and according to the regulations of the Institutional 
Committees for Animal Safety and Welfare and in accordance with the 
Regulations on Appropriate Animal Breeding and Treatment, Ministry Office 
of Japan. Six-week old female mice of the C3H/HeN and C3H/HeJ strains 
were purchased from a domestic breeder (SLC Co. Ltd., Shizuoka, Japan) 
and housed in a controlled environment with free access to food and water. 
Mice younger than 24 weeks old were used to obtain peritoneal resident 
macrophages (PRMs) and peritoneal thioglycollate-exudated macrophages 
(PEMs). In order to obtain PEMs, mice were given an intraperitoneal 
injection of NIH thioglycollate broth (Difco laboratories, Detroit, MI, USA) 
3days before cell harvest. Mice were anesthetized with diethyl ether and 
killed by exsanguination, then the peritoneal cavity was lavaged with 
calcium and magnesium-free phosphate-buffered saline (PBS). After 
centrifugation of the lavage fluid, cells were suspended in a culture medium 
which comprised ? -modified MEM (Gibco BRL, Rockville, MD, USA) 
containing 10% heat-inactivated fetal calf serum (C&C Lab, Tokyo, Japan) 
and 100units/ml penicillin and 100 ? g/ml streptomycin (Gibco BRL, 
Rockville, MD, USA), plated in 35-mm tissue culture dishes (Falcon 3001, 
B&D Lab, NJ, USA) or 96-well microculture plates (Falcon 3072), and 
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incubated at 37?  in a humidified atmosphere of 5% CO 2  in air. One hour 
after incubation, the cultures were washed several times with fresh medium 
to remove non-adherent cells. More than 95% of cells remaining adhered to 
the culture substrate were macrophages. PRMs were irradiated with a 137 Cs 
?source at a dose rate of approximately 10 Gy /min.  
Morphological study of PRMs:  Apoptosis induced in PRMs by the exposure 
to ? -irradiation was examined microscopically. PRMs were cultured in 
35-mm dishes. Four hours after irradiation, the medium was gently aspirated 
from the culture dishes, and a small volume of fluorescent dye solution 
containing acridine orange and propidium iodide at a concentration of 10?
g/ml and 20?g/ml, respectively, was dropped on the dishes (Lizon et al. 
1999). A cover slip was placed on the dishes and the cells were observed 
under a fluorescent microscope. Percentages of the sum of apoptotic cells 
with condensed and fragmented nuclei and of post-apoptotic necrotic cells 
were calculated by observing at least 300 cells in each individual sample. 
Occasionally PRMs were fixed and stained with Diff-Quik according to the 
manufacturer ’s directions. Microscopic images were photographed with a   
microscope equipped with a CDC camera.  
Determination of cell viability in PEMs:  Cell viability in PEMs was 
determined by MTT assay (Carmichael et al. 1987). The assay is dependent 
on the cellular reduction of MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide) (Sigma) by 
the mitochondrial dehydrogenase of viable cells to a blue formazan product 
that can be measured spectrophotometrically. PEMs cultured in 96-well 
microculture plates were treated with LPS or SOD and catalase in the 
presence of cycloheximide at a concentration of 5x10 -5 M for 4 hr, then MTT 
(20 ? l of 5mg/ml in PBS) was added into each well. PEMs were incubated 
at 37 ?  for a further 2 hr. Following incubation, the medium was aspirated 
 ??
completely from the plates, and 100 ? l of DMSO was added to each well. 
The plates were placed on a plate shaker for 5min and read immediately at 
540 nm with a scanning multiwell spectrophotometer. The optical density 
(OD) of PEMs cultured with cycloheximide alone was taken as 100% cell 
viability and the OD of PEMs treated with LPS or SOD and catalase was 
expressed as a percentage of the control. The mean percent OD and the 
standard deviation were calculated from three separate experiments.  
Nitric oxide (NO) measurement:  The amount of NO produced by PRMs was 
measured using a Nitrate/Nitrite colorimetric assay kit purchased from 
Cayman Chemical (Ann Arbor, MI, USA). PRMs cultured in 96-well 
microculture plates were treated with LPS or SOD and catalase for 24 hr, 
then the total amount of nitrate and nitrite in the culture medium as an index 
of NO production was measured according to the manufacturer ’s 
instructions. Three separate experiments were performed, and the mean 
and the standard deviation were calculated.  
Heat treatment of SOD and catalase:  The SOD and catalase solution was 
heated for 10 min in boiling water. 
Bacterial endotoxins test:  A bacterial endotoxins test was performed in 
order to quantify bacterial endotoxins that might be present in the catalase 
and SOD samples. Both kinetic-chromogenic and endopoint-chromogenic 
assays were performed. The kinetic-chromogenic assay is a method to 
measure the rate of color development. Limulus Amebocyte Lysate reagent 
(Endospecy ES-50M Set) and a reference endotoxin (CSE-L Set: endotoxin 
derived from E.coli strain O113:H10) were purchased from Seikagaku 
Corporation (Tokyo, Japan). The rate of color development (absorbance of 
405nm) was measured with a Wellreader SK603 (Seikagaku Corporation) 
and the endotoxin concentrations in the test samples were calculated 
automatically with the original software developed for the reader. The 
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endopoint-chromogenic assay is based on the quantitative relationship 
between the concentration of endotoxins and the release of chromophore at 
the end of the incubation period. In the assay, the color development at a 
wavelength of 405 nm was converted to a color with an absorbance of 545 
nm using Toxicolor DIA-MP Set (Seikagaku Corporation) and the 
absorbance was measured with a multiwell spectrophotometer. The amount 
of endotoxins was expressed in endotoxin units (EU). Both assays yielded 
essentially the same results. The assays were conducted according to the 
manufacturer’s directions. 
Statistical analysis:  The mean and standard deviation were calculated from 
the data for independent samples. A two-sample Student’s t-test was used to 
evaluate the critical data. The difference between means was regarded as 
significant if the probability was less than 0.05 (p<0.05). 
 ??
4-3. Results 
Whether commercially available SOD and/or catalase could suppress 
the irradiation-induced apoptosis in PRMs was investigated. The SOD 
and/or catalase added simultaneously with irradiation did not suppress the 
apoptosis at all. On the other hand, pretreatment for 4 hr significantly 
decreased the apoptosis (Figure 1). Microscopic observation revealed that 
SOD and catalase induced distinct morphological changes in non-irradiated 
PRMs of the C3H/HeN mouse. Compared with cultured PRMs showing small 
and round cell bodies, PRMs treated with SOD and catalase had large and 
extended cell bodies and adhered firmly to the culture dishes (Figure 2). The 
morphology suggested the cellular activation of PRMs by the treatment with 
SOD and catalase. As an index of macrophage activation (Weisz et al. 1994, 
Wang et al. 1995), NO production by PRMs was measured. PRMs treated 
with SOD and catalase for 24hr produced significant amounts of NO that 
were comparable to those on the treatment with LPS (Figure 3).  
The response of macrophages to SOD and catalase was investigated in 
another experimental system where PEMs instead of PRMs and the MTT 
assay were used to determine the cell viability. Remarkable cell death was 
observed in PEMs treated with LPS and cycloheximide for 6 hr. SOD and 
catalase in the presence of cycloheximide also induced remarkable cell 
death in PEMs (Figure 4). The cell viability of PEMs was decreased linearly 
depending on the dose of SOD and catalase. Polymyxin B, an LPS 
antagonist, was added to the culture in order to determine whether LPS-like 
substances played a role in the reduction in the viability of PEMs caused by 
the treatment with SOD and catalase. Polymyxin B effectively inhibited LPS, 
but not SOD and catalase (Figure 5). The effect of SOD and catalase 
samples on the cell viability of PEMs was heat-resistant because the 
treatment of SOD and catalase at 100 ?  for 10 min had no effect (Figure 6). 
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LPS was also heat-resistant. PEMs of the C3H/HeJ mouse, which is a LPS 
low responder strain, did not respond to LPS at all. Similarly, PEMs of the 
C3H/HeJ mouse did not respond to SOD and catalase (Figure 7). Several 
kinds of SOD and catalase samples were purchased from Wako Pure 
Chemical Industries, Ltd. or Sigma Co. and examined for their effects on the 
cell viability of PEMs in order to detect LPS-like substances in the samples. 
Many samples significantly reduced the cell viability of PEMs in a 
dose-dependent manner (Figure 8). The data are summarized in the table 
attached to Fig.8. The contamination by LPS-like substances of test samples 
was expressed as the IC 50  and the inferred amount of LPS per unit of 
enzyme activity. Furthermore, the amount of endotoxins in the samples was 
directly quantified using the bacterial endotoxins test and is shown in the 
table. The results indicate that the decreased cell viability of PEMs and the 
endotoxin contamination of the samples well coincide, and many commercial 
samples of SOD and catalases were significantly contaminated with 
bacterial endotoxins.  
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Figure 1.Effects of SOD and/or catalase on irradiation-induced apoptosis in PRMs of the
C3H/HeN mouse. SOD and/or catalase were added simultaneously with irradiation at a dose of 40
Gy (left side) or 4 hr before (right side). The enzyme activity expressed as units is based on
information from the manufacturer. The SOD was a copper-zinc SOD made from bovine
erythrocytes and purchased from Wako Pure Chemical Industries, catalog number ICN 190117.
The catalase was made from bovine liver and purchased from Sigma Co., catalog number C-40.
Apoptosis in non-irradiated PRMs was always less than 2 % irrespective of SOD or catalase
treatment.
         :No treatment,
         :SOD 1000 units/ml,
         :SOD 3000 units/ml,
         :Catalase 1000 units/ml,
         :Catalase 3000 units/ml,
         :SOD+Catalase  1000 units/ml,
         :SOD+Catalase 3000 units/ml.
Asterisks indicate a significant difference of apoptosis from that of PRMs with no treatment.
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Figure 2. Microscopic photographs of PRMs of the C3H/HeN mouse 4 hr after the
treatment with SOD and catalase. A and C: PRMs fixed and stained with Diff-Quik.
B and D: PRMs stained with acridine orange and propidium iodide and observed
under a fluorescent microscope. A and B: untreated PRMs. C and D: PRMs
treated with SOD at 1000 units/ml and catalase at 1000 units/ml.
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Figure 3. NO production by PRMs treated with LPS or SOD and catalase. PRMs of the
C3H/HeN mouse were treated with LPS or a mixture of SOD and catalase for 24 hr. The total
amount of nitrate and nitrite in the culture medium as an index of NO production was measured
according to the instructions of the Nitrate/Nitrite colorimetric assay kit. SOD and catalase were
mixed at the same number of units in terms of enzymatic activity. Three separate experiments
were performed, and the mean and  standard deviation were calculated.
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Fig.4. Decreased cell viability in PEMs treated with LPS or SOD and catalase in the presence of
cycloheximide. PEMs of the C3H/HeN mouse were treated with LPS or a mixture of SOD and
catalase for 6 hr. The cell viability in PEMs was measured by means of the MTT assay. SOD and
catalase were mixed at the same number of units in terms of enzymatic activity. Three separate
experiments were performed, and the mean and  standard deviation were calculated.
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Figure 5. Effects of polymyxin B on the decreased cell viability in PEMs treated with LPS or
SOD and catalase in the presence of cycloheximide. Polymyxin B was added at a dose of 50
µM 1 hr before the treatment with LPS or a mixture of SOD and catalase for 6 hr in the
presence of cycloheximide. SOD and catalase were mixed at the same numbers of units in
terms of enzymatic activity. Three separate experiments were performed, and the mean and
standard deviation were calculated.
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Figure 6. Effects of heat treatment of LPS or SOD and catalase on the decreased cell viability in
PEMs treated with LPS or SOD and catalase for 6 hr in the presence of cycloheximide. LPS or a
mixture of SOD and catalase were heated in boiling water for 10 min. SOD and catalase were
mixed at the same number of units in terms of enzymatic activity. Three separate experiments
were performed, and the mean and  standard deviation were calculated.
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Figure 7. Low response of PEMs of the C3H/HeJ mouse to LPS or SOD and catalase.
PEMs of C3H/HeN or C3H/HeJ mice were treated with LPS or a mixture of SOD and
catalase for 6 hr in the presence of cycloheximide. The cell viability in PEMs was measured
by means of the MTT assay. SOD and catalase were mixed at the same number of units in
terms of enzymatic activity. Three separate experiments were performed, and the mean and
standard deviation were calculated.
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Figure 8. Significant contamination with LPS-like substances in many samples of SODs and
catalases. PEMs of the C3H/HeN mouse were treated with LPS, SOD or catalase in the
presence of cycloheximide for 6 hr. The cell viability in PEMs was measured by means of the
MTT assay. The enzyme activity expressed as units is based on information from the
manufacturer. Three separate experiments were performed, and the means were calculated
and drawn. The kind, source, manufacturer and activity units per mg protein of the enzymes
examined are listed in Table 1.
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                     Table 1.LPS contamination in commercially available SOD and catalase samples  
Enzyme         Source           Manufacturer         Units/mg protein      IC50c)    Inferred amount of   Endotoxin Assaye)
Catalogue No.         (1)a)      (2)b)                    LPS d) (pgLPS/103unit)    (EU/103unit) 
? ? LPS                                                                       585 pg/ml          -                 - 
1.f)  Catalase     Bovine Liver         Sigma C-40         25000      n.d       98 unit/ml       5969               67.0 
2.  Catalase     Bovine Liver         Wako 039-12901      9200     n.d      8150                72               0.6 
3.  Mn-SOD     Bacillus sp.          Wako 195-10291     13600     2050      140             4179               35.8  
4.  Mn-SOD     E.coli                Sigma 5639          4400     2270      845              692                7.1 
5.  Iron-SOD    E.coli                Sigma 5389          5500      730      128              4570              50.1 
6.  Cu-Zn-SOD  Bovine erythrocytes   Sigma S2515         3820     6630      n.d               n.d               0.1? 
7.  Cu-Zn-SOD  Bovine erythrocytes   Sigma S5395         3920     5870      n.d               n.d               0.1? 
8.  Cu-Zn-SOD  Bovine erythrocytes   Wako ICN 190117    5000      5240     642               911               9.2 
9.  Cu-Zn-SOD  Bovine erythrocytes   Wako 190-08776      3200     5010     1920              305               3.2 
10. Cu-Zn-SOD  Human recombinant   Wako 192-11287      n.d.      3530     n.d               n.d                0.1? 
11. Cu-Zn-SOD  Bovine Liver           Sigma S8160        4660      5100    3440              170                1.1 
a) unit activity of enzyme per mg protein, the information from the manufacturer.     
b)unit activity of enzyme per mg protein, measured with a BIOXYTECH SOD-525TM Assay kit (OXIS International, Inc., Portland, OR) 
and BCA protein Assay kit (PIERCE, Rockford, Illinois)  
c)IC50 is the LPS concentration (pg/ml) or enzyme concentration (units/ml) required to yield 50% survival of PEMs. 
d)Inferred amount of LPS per 1000 units of enzyme, calculated from the IC50 of LPS and enzyme. 
e)The amount of endotoxin per 1000 units of enzyme, quantified by the bacterial endotoxins test that was described in detail in Materials 
and Methods. 
f)The sample numbers correspond to those in Fig.8. ? ?  
 ??
4-4. Discussion 
 Basically, ionizing radiation exerts biological effects by ionizing 
various substances in living organisms (Kiefer 1990, Chatterjee et al. 1991). 
Oxygen and water have been recognized to be particularly important as the 
major ubiquitous constituents of living things and due to the characteristic of 
ROS production by ionizing radiation. For example, the DNA damage caused 
by interaction with ROS predominates over that due to direct ionization in 
irradiated cells (Kiefer 1990, Chatterjee et al. 1991). Therefore, various 
substances that scavenge ROS, both those existing endogenously and 
added exogenously, have been recognized as important to reduce the 
biological effects of ionizing radiation. In the present study, SOD and 
catalase were used in order to scavenge superoxide and hydrogen peroxide, 
respectively, because these ROS have been thought to be key molecules for 
the biological effects of irradiation (Petkau et al. 1975, Knox et al. 1982, 
Petkau et al. 1984, Henderson et al. 1986, Fridovich 1987, Jones et al. 
1990). However, SOD and/or catalase added simultaneously with irradiation 
did not suppress the irradiation-induced apoptosis of PRMs from the 
C3H/HeN mouse. Extracellular superoxide and hydrogen peroxide should be 
efficiently scavenged by exogenously added SOD and catalase. Therefore, it 
is concluded that extracellular superoxide and hydrogen peroxide do not 
play an important role in irradiation-induced apoptosis in PRMs of the C3H 
mouse. On the other hand, 4 hr pretreatment with SOD and catalase 
significantly suppressed the irradiation-induced apoptosis. A simple 
explanation may be that SOD and catalase enter the cells during the 
pretreatment and scavenge intracellular superoxide and hydrogen peroxide, 
and consequently reduce the irradiation-induced apoptosis. However, we 
found that exogenously added SOD and catalase induced remarkable 
morphological changes even in non-irradiated PRMs. The phenotype was 
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just that of the activated macrophages. Furthermore, as an index of 
macrophage activation, PRMs treated with SOD and catalase produced 
significant amounts of NO. Therefore, it was indicated that SOD and 
catalase themselves or unknown substances in the sample induced the 
activation of PRMs. It is possible that PRMs activated by SOD and catalase 
are rendered radioresistant with respect to apoptosis. The activation of 
macrophages by LPS significantly decreased the radiation-induced 
apoptosis in PRMs of the C3H/HeN mouse (data not shown). It has been 
reported that macrophage activation by LPS markedly induces the activation 
of NF-kB (Guha et al. 2001, Bosisio et al. 2002). NF-kB is known to regulate 
anti-apoptotic gene expression (Kucharczak et al, 2003).  
LPS is recognized as the most powerful macrophage activator, although 
many other activators have been found. As a small amount of LPS (pg/ml) 
can activate macrophages, contamination by LPS has been a crucial 
problem in many types of studies, particularly in cultures of cells highly 
expressing LPS receptors such as macrophages and B-lymphocytes. We 
examined the contamination by LPS-like substances in samples of SOD and 
catalase. Karahashi et al. reported that interphase cell death was induced in 
PEMs and a macrophage-like cell line by combined treatment with 
cycloheximide and LPS in a manner dependent on the dose of LPS 
(Karahashi et al. 1999). The cell death is easily and rapidly quantified by 
means of the MTT assay (Carmichael et al. 1987). We used this 
experimental system to examine the contamination with LPS-like substances. 
The sample of SOD and catalase induced remarkable cell death 
dose-dependently in PEMs. Heat-resistant substances, though not the SOD 
and catalase themselves, took part in the cell death. Furthermore, PEMs 
from the C3H/HeJ mouse did not respond to SOD and catalase. Therefore, it 
was indicated that the samples of SOD and catalase were contaminated with 
 ??
LPS or LPS-like substances with almost the same characteristics as LPS. In 
the experiment where polymyxin B was used, the action of SOD and 
catalase was not effectively antagonized by polymyxin B in contrast with 
LPS. When LPS in ethanol solution is diluted with the culture medium and 
then immediately added to the culture, polymyxin B should bind and 
antagonize the LPS molecule. In contrast, SOD and catalase purchased as 
lyophilized powders possibly bind LPS or LPS-like substances 
non-specifically even after being reconstituted with the culture medium and 
may prevent polymyxin B from binding to the LPS molecule. There is 
evidence of a non-specific interaction of the LPS molecule with recombinant 
human serum albumin (Jurgens et al. 2002) or human lactoferrin fragment 
(Majerle et al. 2003). Another possible explanation is that the contaminating 
LPS might originate not from E. coli but from another Gram-negative 
bacterium like Salmonella. It has been demonstrated that the LPS derived 
from some kinds of bacteria are not efficiently scavenged by polymyxin B 
(Cavaillon et al. 1986, Watanabe et al. 2003).   
   Some commercially available SOD and catalase samples were examined 
for contamination with LPS. Surprisingly, many samples were contaminated. 
Many kinds of SODs and catalases purified from various sources are 
available commercially, however SODs and catalases that are extracted 
from bovine erythrocytes and livers are widely used due to their availability 
and cost. SODs and catalases extracted from animals with endotoxemia 
would be contaminated with LPS. If the dead body or dissected organ has 
been improperly left after euthanasia allowing rapid bacterial propagation, 
the contamination of SODs and catalases with LPS is possible. LPS 
contamination might also occur in the process of extraction and purification 
of SODs and catalases. Interestingly, Mn-SOD or Fe-SOD made from  
bacteria was highly contaminated with LPS or LPS-like substances. It might 
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be difficult to remove LPS completely in the purification of SOD from 
bacteria. On the other hand, a recombinant SOD sample produced in yeast 
was contaminated with LPS at lower or negligible levels. SODs and 
catalases have been widely used in studies concerning ROS for some time 
(Petkau et al. 1975, Knox et al. 1982, Petkau et al. 1984, Henderson et al. 
1986, Fridovich 1987, Jones et al. 1990, Moreno-Manzano et al. 2000, 
Sawada et al. 2001). The evidence that many samples of SOD and catalase 
are significantly contaminated with LPS justifies the notion that possible 
contamination should be taken into consideration when commercially 
available SODs and catalases are used in studies.    
    
 ??
4-5. Conclusion 
Commercially available superoxide dismutase (SOD) and catalase induced 
remarkable morphological changes in cultured peritoneal resident 
macrophages (PRMs). The morphology resembled that of cells stimulated 
with various macrophage-activating substances such as bacterial 
lipopolysaccharides (LPS). PRMs treated with SOD and catalase for 24 hr 
produced a significant amount of nitric oxide. Peritoneal 
thioglycollate-exudated macrophages (PEMs) that were induced to die by 
combined treatment with LPS and cycloheximide (protein synthesis 
inhibitor) were killed by the treatment with SOD and catalase in the 
presence of cycloheximide. The effect of SOD and catalase was 
heat-resistant and was not found in PEMs of the C3H/HeJ mouse, a LPS low 
responder strain. These results strongly indicated the presence of LPS-like 
substances in the sample of SOD and catalase used. An examination of 
commercially available SOD and catalase samples for the presence of 
LPS-like substances demonstrated that many were contaminated. The 
contamination was directly confirmed by bacterial endotoxins test. It is quite 
important to take into consideration that commercially available SODs and 
catalases may be contaminated with LPS and the contaminants may affect 
the results of studies. 
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5. Irradiation-induced apoptosis in peritoneal resident macrophages of C3H 
mice: Selective involvement of superoxide anion, but not the other 
reactive oxygen species 
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5-1.Introduction   
   We have studied the mechanism of radiation-induced apoptosis in C3H 
mouse peritoneal resident macrophages (PRMs). In the former chapter (4. 
Significant contamination of superoxide dismutases and catalases with 
lipopolysaccharide-like substances), a series of experiments performed to 
demonstrate the significant contamination of commercially available SODs 
and catalases with LPS suggested that a very small quantity of LPS had 
affected the extent of radiation-induced apoptosis in PRMs of the C3H/HeN 
mouse, a normal LPS responder strain that had been frequently used in  
previous studies. Therefore, in the present study the C3H/HeJ mouse, a LPS 
low responder, was used throughout the experiments in order to 
demonstrate the contribution of reactive oxygen species to the 
radiation-induced apoptosis in C3H mouse PRMs. C3H/HeJ mouse PRMs 
showed almost the same radiosensitivity as C3H/HeN mouse PRMs. 
 Redox reactions regulate a broad array of signal transduction 
pathways. Reactive oxygen species (ROS), including superoxide anion, 
hydrogen peroxide, hydroxyl radical, and peroxynitrite are now thought to 
function as regulators for various biological processes, including gene 
expression, cell growth, differentiation, chemotaxis, and apoptosis (Suzuki 
et al. 1997). Ionizing radiation can yield these ROS directly or indirectly, and 
it is possible that a significant part of the biological action of ionizing 
radiation is dependent on ROS (Kiefer 1990, Chatterjee and Holley 1991). It 
has been demonstrated that all of these ROS have the potential to trigger 
apoptosis (Buttke and Sandstrom 1994). Currently, however, the 
involvement and precise roles of individual ROS in mediating the apoptotic 
process are not well understood. It is largely unknown which compounds are 
required for irradiation-induced apoptosis. Therefore, it is particularly 
valuable to identify the ROS responsible for radiation-induced apoptosis and 
 ??
their molecular targets. The present study suggests that superoxide 
regulates irradiation-induced apoptosis in C3H mouse PRMs and that the 
conversion of superoxide to its downstream ROS, including hydrogen 
peroxide, peroxynitrite, and hydroxyl radical, is not required to control the 
apoptotic process. 
 ??
5-2. Materials and Methods 
Reagents : MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl- tetrazolium 
bromide), Cu-,Zn-SOD, Tiron (4,5-Dihydroxy-1,3-benzenedisulfonic acid 
disodium salt), and  L-buthionine-[S,R]-sulfoximine (BSO) were purchased 
from Sigma Co.(St. Louis, MO).  Catalase, sodium formate, dimethyl 
sulfoxide, sodium azide, deferoxamine mesylate, uric acid, and hydrogen 
peroxide were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, 
Japan).  The pan-caspase inhibitor, Z-VAD-FMK  
(carbobenzoxy-L-valyl-L-alanyl-beta-methyl-L-aspartyl-fluoromethane), was 
purchased from Peptide Institute, Inc. (Osaka, Japan), L-NAME 
(N G -nitro-L-arginine methyl ester hydrochloride) from Cayman Chemical 
Company (Ann Arbor, MI), and   DCFH 2 DA (2’,7’-Dichlorofluorescin 
diacetate) from Molecular Probes, Inc, (Eugene, OR).
PRMs preparations and irradiation:  Six-week-old female C3H/HeJ, 
C57Black/6J, and Balb/c mice were purchased from a domestic breeder 
(SLC Co., Ltd, Shizuoka, Japan). Mice were housed in a controlled 
environment with free access to food and water. Animals younger than 24 
weeks old were used to obtain PRMs. After the animals were anesthetized 
with diethyl ether and killed by exsanguination, the peritoneal cavity was 
lavaged with calcium and magnesium-free phosphate-buffered saline (PBS). 
After centrifugation of the lavage fluid, cells were suspended in a culture 
medium which comprised ? -modified MEM (Gibco BRL, Rockville, MD) 
containing 10% heat-inactivated fetal calf serum (C&C Lab, Tokyo, Japan), 
100 units/ml penicillin and 100 ?g/ml streptomycin, plated in 35-mm tissue 
culture dishes (Falcon 3001, B&D Lab, NJ) or 96-well microculture plates 
(Falcon 3072), and cultured at 37 ?  in a humidified atmosphere of 5 % 
CO 2 in air. One hour after the incubation, the dishes and plates were 
washed several times with fresh culture medium to remove non-adherent 
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cells. The cells remaining adhered to the dishes or plates were referred to 
as PRMs. A microscopic examination of Giemsa-stained PRMs showed 
greater than 95 % were macrophages based on morphological criteria. 
PRMs were irradiated with the 137 Cs ?  source at a dose rate of 
approximately 10 Gy/min and then further cultured as described above. In 
some experiments, PRMs were treated with hydrogen peroxide for 20 min, 
washed and then further cultured. In order to decrease the intracellular 
glutathione level, PRMs were treated overnight (approximately 15 hr) with 
BSO at a dose of 0.1 mM. In one experiment, Z-VAD was added into the 
culture at a final concentration of 50 ?M (Z-VAD at a concentration of 50 
mM in DMSO was diluted with the culture medium) 1 hr before irradiation. 
PRMs were also treated with various radical scavengers. The radical 
scavengers were added 1 hr before irradiation at a dose of 40 Gy, and the 
apoptosis in PRMs was evaluated 4 hr after irradiation.  
Determination of cell viability:  Cell viability was determined by MTT assay 
(Carmichael et al. 1987). The assay is dependent on the cellular reduction of 
MTT by the mitochondrial dehydrogenase of viable cells to a blue formazan 
product which can be measured spectrophotometrically. Thirteen hours  or 
22 hr after PRMs were irradiated at various doses, MTT (20 ? l of 5 mg/ml in 
PBS) was added to each well of 96-well microculture plates and the cells 
were incubated at 37 ?  for a further 2 hr. Following the incubation, the 
medium was aspirated completely from the plates, and 100 ? l of DMSO 
was added to each well. The plates were placed on a plate shaker for 5min 
and read immediately at 540 nm with a scanning multiwell 
spectrophotometer. The optical density (OD) of the non-irradiated control 
PRMs was taken as 100% cell viability and the OD of irradiated PRMs was 
expressed as a percentage of the control. The mean percent OD and the 
standard error were calculated from at least three separate experiments. 
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Morphological analysis of PRMs:  The mode of cell death induced in PRMs 
by exposure to ? - irradiation was examined microscopically. Four hours 
after irradiation, the culture medium was gently aspirated from the culture 
dishes, and a fluorescent dye solution containing acridine orange and 
propidium iodide at concentrations of 10 ?g/ml and 20 ?g/ml in culture 
medium, respectively, was dropped on the dishes (Lizon and Fritsch 1999). 
After the placing of a cover slip, cells on the dishes were observed under a 
fluorescent microscope. The percentage of the sum of apoptotic cells with 
condensed and fragmented nuclei and post-apoptotic necrotic cells was 
calculated by observing at least 300 cells in individual samples.  
DNA extraction and agarose gel electrophoresis : DNA was extracted by the 
method of Martin et al. (1990). The crude DNA was extracted twice from cell 
lysates using phenol-chloroform buffered with 0.1 M Tris-HCl, pH 7.8, then 
precipitated in the presence of 0.2 M NaCl and 70 % ethanol at –20 ?  for 1 
hr. Finally, DNA was rinsed with 70 % ethanol, and resuspended in 20-30 ?
l of TE buffer. DNA electrophoresis was carried out in a 1.2 % agarose gel 
containing 0.5 ?g of ethidium bromide / ml at 100 V for 1 hr in TAE buffer.  
Analysis of intracellular peroxides : Intracellular peroxides were measured 
following the formation of a fluorescent derivative of 2’, 7’-dichlorofluorescin 
(Thornburne and Juurlink 1996, Wang et al. 1996). PRMs were loaded for 20 
min with 2’, 7’-dichlorofluorescin diacetate (DCFH 2 -DA) at a final 
concentration of 10 ?M (DCFH 2 -DA dissolved in DMSO at 10 mM was 
diluted with the culture medium). Membrane-permeable DCFH 2 -DA 
undergoes deacetylation by intracellular esterases. The resulting compound, 
DCFH 2 , is proposed to be trapped within the cell and susceptible to 
ROS-mediated oxidation to the fluorescent compound, 2’, 
7’-dichlorofluorescein (DCF). After loading, the cells were washed and 
exposed to irradiation or hydrogen peroxide. Immediately after exposure to 
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irradiation or hydrogen peroxide, PRMs were washed with and suspended in 
PBS. The fluorescent intensity of DCF was then analyzed with a laser flow 
cytometer (FACS Calibur, Becton Dickinson). 
Measurement of SOD activity : SOD activity was measured using a 
commercial spectrophotometric assay kit for SOD, BIOXYTECH SOD-525 TM , 
(OXISResearch, Portland, OR)(Nebot et al. 1993). Erythrocytes, liver and 
PRMs were prepared to measure the SOD activity. Heparinized blood was 
centrifuged and the pellet was resuspended in 4 packed-cell volumes of 
ice-cold water. The supernatant was extracted with ethanol/chloroform 
62.5/37.5 (v/v) in order to remove hemoglobin interference, and the upper 
aqueous layer was collected. Liver was perfused with PBS containing 
heparin to remove red blood cells, dissected and homogenized with a glass 
homogenizer in approximately 10 volumes of ice-cold water containing 
proteinase inhibitors. The homogenate was subjected to 2 cycles of freezing 
and thawing and centrifugation, and the supernatant was collected. PRMs 
were recovered from the culture dish using cell scrapers, washed with PBS 2 
times and resuspended in a small volume of ice-cold water containing 
proteinase inhibitors. The cell suspension was subjected to 2 cycles of 
freezing and thawing and centrifugation, and the supernatant was collected. 
SOD activity in the sample was measured according to the instructions of 
the manufacturer. The protein concentration in the sample was measured 
with BCA protein assay reagent (Pierce, Rockford, IL). SOD activity 
expressed as relative units was normalized with respect to the protein 
concentration. 
Western blot analysis : Samples prepared in the same manner as for the 
measurement of SOD activity were dissolved in Laemmli buffer, boiled for 10 
min and electrophoresed on sodium dodecyl sulfate-polyacrylamide gel 
(12% polyacrylamide). An amount of sample equivalent to 20? g total 
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protein was loaded in each lane. After electrophoresis the separated 
proteins were transferred electrophoretically onto an Immobilon-P 
membrane (Millipore, Bedford, Mass). The membrane was blocked for 1 hr 
at room temperature in blocking buffer (0.1 % Tween 20 and 5 % nonfat dry 
milk in Tris buffered saline (TBS)). It was then incubated for 2 hr in blocking 
buffer containing rabbit anti-SOD antibodies at a final concentration of 0.5
? g/ml (anti-rat Cu-,Zn-SOD polyclonal antibody and anti-rat Mn-SOD 
polyclonal antibody from StressGen Biotechnologies Corp., Victoria, 
Canada). The membrane was washed in TBS and incubated with secondary 
goat anti-rabbit antibody labeled with alkaline phosphatase (1:1000 dilution; 
Santa Cruz Biotechnology, Inc., Santa Cruz, CA) for development with the 
BCIP/NBT liquid substrate system (Sigma).   
Introduction of SOD and catalase into PRMs using a HVJ envelope vector 
kit:  A HVJ  (Hemagglutinating Virus of Japan) envelope vector kit (trade 
name: GENOMONE) was purchased from Ishihara Sangyo, Ltd. (Osaka, 
Japan). Exogenous proteins (SOD, catalase and FITC-conjugated bovine 
serum albumin) were prepared at a concentration of 1-2mg per ml. The 
inclusion of exogenous proteins into the HVJ envelope and transfection of 
the HVJ envelope into PRMs were conducted according to the instructions of 
the manufacturer (protein introduction protocol 2 for adherent cells). C3H 
mouse PRMs cultured in 35-mm culture dishes were loaded with HVJ 
envelope vector solution at two different volumes, low (10 ? l of HVJ 
envelope vector solution per 1.5 ml of medium in a 35-mm culture dish) and 
high (35 ? l). As a preliminary experiment, FITC-conjugated bovine serum 
albumin (Sigma) was introduced into PRMs with the kit and fluorescent- 
positive cells were counted under a fluorescent microscope to evaluate the 
transfection efficiency. One hour after the transfection of the vacant HVJ 
envelope or the envelope including SOD or catalase, PRMs were washed 
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and irradiated at a dose of 40 Gy, and after an additional 4 hr the apoptosis 
was examined. The activity of SOD introduced into PRMs was measured 1 hr 
after the transfection with the method described above.  
Statistical analysis:  The mean and standard error were calculated from the 
data of independent experiments. A chi-square test was used to evaluate the 
statistical significance between two samples of interest. The value was 
regarded as significant if the probability was less than 0.05 (p<0.05). 
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5-3. Results  
Irradiation-induced apoptosis in PRMs: Remarkable morphologic changes 
were observed in the C3H mouse PRMs 4 hr after irradiation (figure 1.A-D). 
The morphologic changes were due to typical apoptotic cell death. 
Numerous cells showed remarkable nuclear condensation and 
fragmentation, the morphological hallmarks of apoptosis (Searle et al. 1975, 
Searle et al. 1982, Wyllie et al. 1984), but were stained with vital dye 
acridine orange due to the intact plasma membrane. Post-apoptotic necrotic 
cells stained with propidium iodide due to membrane damage were also 
frequently observed. Percentages of apoptotic and post-apoptotic necrotic 
cells 4 hr after irradiation were evaluated (figure1.E). Irradiation induced 
significant apoptosis in C3H mouse PRMs, but not in B6 and Balb/c mouse 
PRMs. Figure 1.F shows the results of MTT assays performed 15 hr after 
irradiation. The reduction of MTT is dependent on mitochondrial respiration 
and the value directly reflects the cell viability. Irradiation only slightly 
decreased cell viability in PRMs of B6 and Balb/c mice, however the viability 
of C3H mouse PRMs decreased markedly with irradiation dose. Figure 1.G 
shows the results of MTT assays performed 24 hr after irradiation. The 
viability of C3H mouse PRMs decreased linearly to 50 % at a dose of 
approximately 7 Gy. Agarose gel electrophoresis showed a distinct ladder 
pattern of DNA extracted from irradiated C3H mouse PRMs (figure 1.H). 
Irradiation-induced apoptosis in C3H mouse PRMs was completely inhibited 
by a pan-caspase inhibitor, Z-VAD, added 1 hr before irradiation at a dose of 
50 ?M (figure 1.I).  
Effects of various radical scavengers : As shown in table 1, sodium formate 
and DMSO (hydroxyl radical scavengers), deferoxamine mesylate (iron 
chelator), sodium azide (singlet oxygen scavenger), uric acid (peroxynitrite 
scavenger), and L-NAME (nitric oxide synthase inhibitor) did not affect the 
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irradiation-induced apoptosis in C3H mouse PRMs at the concentrations 
examined. On the other hand, Tiron (superoxide scavenger) significantly 
suppressed the apoptosis at concentrations of more than 5 mM.  
Comparison of effects of irradiation with hydrogen peroxide : Irradiation 
induced remarkable apoptosis in C3H mouse PRMs, but not in B6 mouse 
PRMs (figure 2.A). In contrast, hydrogen peroxide induced apoptosis at the 
same levels in C3H and B6 mouse PRMs (figure 2.B). Cell survival 
evaluated by the MTT assay also differed between irradiation and hydrogen 
peroxide. Irradiation markedly decreased the   survival of C3H mouse 
PRMs, but not B6 mouse PRMs (figure 2.C). In contrast, cell survival of C3H 
and B6 mouse PRMs was decreased by hydrogen peroxide at the same rate 
(figure 2.D). Treatment of cells with BSO lowers the intracellular glutathione 
level, and renders cells sensitive to oxidative damage. Figure 2.E and F 
show that overnight treatment with BSO significantly enhanced 
H 2 O 2-induced apoptosis in C3H mouse PRMs, but not irradiation-induced 
apoptosis. The fluorescent intensity of DCF reflects the intracellular 
oxidation level, particularly the amount of peroxides. Figure 2.G shows 
representative data obtained by laser flow cytometry. Irradiation at 50 Gy did 
not increase the fluorescent intensity in C3H mouse PRMs, however the 
fluorescence markedly elevated with H 2 O 2 at 37.5 ?M. The mean channel 
number calculated using CellQuest software (Becton Dickinson) expresses 
the relative mean fluorescent intensity in individual experiments. Figure 2.H 
and I depict changes in the mean channel number with irradiated dose and 
H 2 O 2 concentration, respectively. Irradiation significantly increased the 
fluorescent intensity at 100 Gy, but not below 50 Gy, the dose causing 
maximal apoptosis in C3H mouse PRMs (figure 2.H). In contrast, treatment 
with hydrogen peroxide significantly increased the fluorescence at 25?M, a 
dose inducing roughly half the maximal level of apoptosis (figure 2.I).  
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Introduction of SOD and catalase into C3H mouse PRMs using a HVJ 
envelop kit : By using a commercially available HVJ envelope vector kit, SOD 
or catalase was introduced into C3H mouse PRMs. When FITC-conjugated 
bovine serum albumin was introduced into PRMs for 1 hr using small 
amounts of the vector, more than 60 % of the PRMs were fluorescent 
positive and this value increased with the transfection time or the amount of 
the vector (figure 3.A). One hour after the transfection of the vacant HVJ 
envelope or the envelope including SOD or catalase, PRMs were washed 
and irradiated at a dose of 40 Gy. Figure 3.B shows that SOD but not 
catalase introduced into the cells significantly suppressed 
irradiation-induced apoptosis. The intracellular SOD activities in C3H mouse 
PRMs were markedly elevated by the introduction of SOD (Figure 3.C).   
Protein expression of SOD: By means of western blot analysis, the protein 
expression of Mn-SOD and Cu-,Zn-SOD was evaluated in PRMs (figure 4.A). 
As a control, a liver sample was used. In liver, the predominant SOD was 
Cu-,Zn-SOD. However, Mn-SOD predominated over Cu-,Zn-SOD in PRMs. It 
is of note that the amounts of SOD expressed in liver or PRMs were 
comparable between C3H and B6 mice. 
SOD activities : SOD activity was measured with a commercial 
spectrophotometric assay kit (figure 4.B and C). As controls, blood and liver 
samples were prepared. C3H and B6 mice had almost the same levels of 
SOD activity in the blood or liver samples. However, SOD activity levels 
were significantly lower in C3H mouse PRMs than B6 mouse PRMs. When a 
standard SOD sample (Cu, Zn-SOD from bovine erythrocytes) was mixed 
with the sample of B6 mouse PRMs, the SOD activity increased in almost an 
additive manner. On the other hand, the sample of C3H mouse PRMs 
decreased the activity of the standard SOD (figure 4.D).   
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Table 1  
 
Effects of various radical scavengers on irradiation-induced apoptosis in C3H mouse 
PRMs.  
 
Treatmenta)          % apoptosisb)      Treatmenta)         % apoptosisb)
Sodium formate   0     76.2?8.5        L-NAME   0        68.0?8.8 
     (mM)      0.1     74.5?6.8         (?M)    1        72.7?7.1 
                0.3    77.6?5.7                  10        75.8?7.3 
1.0    72.7?8.1                 100        71.1?9.0 
3.0    75.1?7.7                1000        70.6?9.8 
 
DMSO(%)      0     77.6?10.5       Uric acid   0       69.3?10.7 
               0.125   76.0?7.9           (mM)   0.1      73.5?8.6 
               0.25    82.4?8.1                   0.3      75.8?6.9 
               0.5     80.1?7.7                   1.0      71.1?9.4 
 
Deferoxamine     0    72.2?9.1           Tiron    0        75.8?11.8 
(mM)         1    68.0?8.4            (mM)  1.5       68.9?8.5 
                 3    75.5?8.0                    5        17.5?4.0C)
                10    70.1?5.2                   15        11.8?5.2C)
 
Sodium azide     0    77.1?7.8      
(mM)       0.3    77.8?8.1       
1.0    75.1?9.2            
3.0    80.2?11.7 
a)Radical scavengers were added to culture 1 hr before irradiation at a dose of 40 Gy. 
The radical scavengers except for uric acid were directly dissolved in the culture 
medium and added to achieve the indicated final concentrations. Uric acid was 
suspended in PBS and heated to prompt the dissolution. After complete dissolution, 
the solution was diluted with the culture medium to the desired concentration. No cell 
toxicity, i. e. no significant apoptotic induction was observed in non-irradiated PRMs 
treated with the radical scavengers at the concentrations examined.    
b)apoptosis was examined in three separate experiments and the mean and standard 
error were calculated.  
C)???????????????????????????0.05) of apoptosis at the dose of Tiron from that at 0 
mM.   
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Figure 1. Irradiation induced typical and remarkable apoptosis in C3H mouse PRMs , but not
in B6 and Balb/c mouse PRMs. A-D, Images of PRMs 4 hr after irradiation under a
fluorescent microscope. Remarkable morphologic changes were induced in C3H mouse
PRMs exposed to irradiation. A: non-irradiated C3H mouse PRMs. B: C3H mouse PRMs
irradiated at 40 Gy. C: non-irradiated B6 mouse PRMs. D: B6 mouse PRMs irradiated at 40
Gy.
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Figure 1. Irradiation induced typical and remarkable apoptosis in C3H mouse PRMs , but not
in B6 and Balb/c mouse PRMs. E: The relation of apoptosis with irradiation dose. Three
independent experiments were performed. Asterisks indicate a significant difference of
apoptosis at the dose from that at 0 Gy of irradiation (p<0.05).
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Figure 1. Irradiation induced typical and remarkable apoptosis in C3H mouse PRMs , but
not in B6 and Balb/c mouse PRMs. F: The relation of cell viability at 15 hr after irradiation
evaluated by MTT assay with irradiation dose. Three independent experiments were
performed. Asterisks indicate a significant difference of cell viability at the dose between
C3H and B6 mouse PRMs (p<0.05). G: The relation of cell viability at 24 hr after irradiation
evaluated by MTT assay with irradiation dose. Three independent experiments were
performed. Asterisks indicate a significant difference of cell viability at the dose between
C3H and B6 mouse PRMs (p<0.05).
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Figure 1. Irradiation induced typical and remarkable apoptosis in C3H mouse PRMs , but not
in B6 and Balb/c mouse PRMs. H: Agarose gel electrophoresis of DNA extracted from
PRMs 4 hr after irradiation. Lane 1, Molecular weight marker, 100 bp ladder. Lane 2, non-
irradiated C3H mouse PRMs. Lane 3, non-irradiated B6 mouse PRMs. Lane 4, C3H mouse
PRMs irradiated at 40 Gy. Lane 5, B6 mouse PRMs irradiated at 40 Gy. I: Z-VAD added at a
dose of 50 µM 1hr before irradiation suppressed the apoptosis in C3H mouse PRMs. Three
separate experiments were performed. An asterisk indicates a significant difference of
apoptosis in C3H mouse PRMs treated with Z-VAD from that in C3H mouse PRMs without Z-
VAD (p<0.05).
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Figure 2. Comparison of the effects of irradiation with those of hydrogen peroxide on PRMs.
A: Irradiation-induced apoptosis in C3H and B6 mouse PRMs. Apoptosis was evaluated 4 hr
after irradiation. Three separate experiments were performed. Asterisks indicate a
significant difference of apoptosis at the dose between C3H and B6 mice (p<0.05). B:
Hydrogen peroxide-induced apoptosis in C3H and B6 mouse PRMs. Apoptosis was
evaluated 4 hr after H2O2 treatment. Three separate experiments were performed. No
significant difference was found between C3H and B6 mice.
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Figure 2. Comparison of the effects of irradiation with those of hydrogen peroxide on PRMs.
C: Effect of irradiation on cell viability of C3H and B6 mouse PRMs. The cell viability was
evaluated at 15 hr after irradiation. Three separate experiments were performed. Asterisks
indicate a significant difference of cell viability at the dose between C3H and B6 mice
(p<0.05). D: Effect of hydrogen peroxide on cell viability of C3H and B6 mouse PRMs. The
cell survival was evaluated 15 hr after H2O2 treatment. Three separate experiments were
performed. No significant difference was found between C3H and B6 mice.
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Figure 2. Comparison of the effects of irradiation with those of hydrogen peroxide on PRMs.
E: Effect of BSO on irradiation-induced apoptosis in C3H mouse PRMs. C3H mouse PRMs
were incubated overnight with or without BSO, and then exposed to irradiation. Apoptosis
was evaluated 4 hr after irradiation. Three separate experiments were performed. No
significant difference was found in irradiation-induced apoptosis between BSO-treated and
untreated PRMs. F: Effect of BSO on hydrogen peroxide-induced apoptosis in C3H mouse
PRMs. C3H mouse PRMs were incubated overnight with or without BSO, and then exposed
to hydrogen peroxide. Apoptosis was evaluated 4 hr after H2O2 treatment. Three separate
experiments were performed. Asterisks indicate a significant difference of apoptosis in
BSO-treated PRMs at the concentration of H2O2 from that in untreated PRMs (p<0.05).
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Figure 2. Comparison of the effects of irradiation with those of hydrogen peroxide on PRMs.
G, H, I: Levels of intracellular peroxides in PRMs exposed to irradiation or hydrogen
peroxide. Intracellular peroxide levels were estimated by laser flow cytometry of PRMs
loaded with DCFH2-DA. G: Representative raw data for laser flow cytometry of C3H mouse
PRMs. H: Changes of mean channel number (average DCF fluorescent intensity) with
irradiated dose. Three separate experiments were performed. Among three independent
experiments, the same experimental setting was intended as possible. An asterisk indicates
a significant difference of mean channel number at the dose from that at 0 Gy of irradiation
(p<0.05).
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Figure 3. Effect of intracellular introduction of SOD or catalase on irradiation-induced
apoptosis in C3H mouse PRMs. A HVJ  (Hemagglutinating Virus of Japan) envelope
vector kit was used for intracellular introduction of exogenous proteins. A: FITC-conjugated
bovine serum albumin was introduced for 1 or 4 hr using low (10 µl of HVJ envelope vector
solution per 1.5 ml of medium in a 35 mm culture dish) or high (35 µl) concentration of
vector. The fluorescent positive cells were counted. Three separate experiments were
performed. B: One hour after the transfection of the vacant HVJ envelope or the envelope
including SOD or catalase using low (10 µl of HVJ envelope vector solution per 1.5 ml of
medium in a 35 mm culture dish) and high (35 µl) concentration of vector, PRMs were
washed and irradiated at a dose of 40 Gy, and after an additional 4 hr the apoptosis was
examined. Three separate experiments were performed. Asterisks indicate a significant
difference of apoptosis from that in PRMs transfected with empty vector at the
corresponding vector concentration (p<0.05).
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Figure 3. Effect of intracellular introduction of SOD or catalase on irradiation-induced
apoptosis in C3H mouse PRMs. ). C: The activity of SOD in PRMs transfected with the HVJ
envelope including SOD using low and high concentration of vector was measured 1 hr after
the transfection by means of the SOD assay kit, BIOXYTECH SOD-525TM. Three separate
experiments were performed.
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Figure 4. A: The amount of SOD proteins expressed in liver and PRMs. Western blot
analysis is described in detail in Materials and Methods. Mn-SOD and Cu-,Zn-SOD has
approximately 25kDa and 19 kDa MW, respectively.
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Figure 4. B and C: SOD activities in samples of blood, liver and PRMs. SOD activity was
measured using a commercial spectrophotometric assay kit for SOD, BIOXYTECH SOD-
525TM. Three separate experiments were performed. No significant difference was found in
blood or liver between C3H and B6 mice. On the other hand, an asterisk indicates a
significant difference of SOD activity in C3H mouse PRMs compared to B6 mouse PRMs
(p<0.05).
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Figure 4. D: An inhibitory activity for SOD in the sample of C3H mouse PRMs. SOD
activities were measured with BIOXYTECH SOD-525TM in a standard SOD sample (Cu,
Zn-SOD from bovine erythrocytes), the sample of B6 or C3H mouse PRMs and the equal
mixture of them. Three separate experiments were performed.
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 5-4. Discussion 
Tissue macrophages are terminally differentiated and long-lived cells. 
They are known to be highly radioresistant with respect to the induction of 
interphase cell death (Perkins et al. 1966, Schmidtke and Dixon 1972, 
Mclennan et al. 1980). Therefore, the finding that PRMs of C3H mice, but 
not other strains, are sensitive to ionizing irradiation with respect to 
apoptotic cell death was surprising, and of interest. Although apoptosis was 
induced in C3H mouse PRMs by ? -irradiation, the dose required to induce 
significant apoptosis was fairly high (25 Gy was required for 50 % apoptosis 
4 hr after irradiation). Even in cancer radiotherapy where large doses are 
delivered to patients, multiple fractions are carried out in order to mitigate 
normal tissue damage. Therefore, it may seem that the cell death induced in 
C3H mouse PRMs by high-dose irradiation is biologically and medically 
useless. However, as shown in figure 1.G, the cell viability 24 hr after 
irradiation was decreased to 50 % at a dose of approximately 7 Gy. This 
dose response refutes the view that C3H mouse PRMs are so radioresistant 
that cell death by irradiation has no application. The significant macrophage 
cell death observed at a dose of several Gy must have biological effects in 
vivo, although no radiation response characteristic only in the C3H mouse 
has been reported. It would be interesting to know whether a mouse strain 
difference exists also for the radiation-induced functional alteration of PRMs. 
Ibuki et al. (Ibuki and Goto 1997, Ibuki et al. 2003) and McKinney et al. 
(McKinney et al. 1998, McKinney et al. 2000) reported that irradiation at a 
dose of several Gy primed macrophages to produce nitric oxide in response 
to IFN?and/or LPS. The same experimental setting to examine the priming 
effect of irradiation on PRMs of C3H and B6 mice was inappropriate because 
significant cell death was induced in C3H mouse PRMs at a similar dose. 
Ibuki et al. (Ibuki and Goto 1997, Ibuki et al. 2003) demonstrated that the 
 ???
priming effect of irradiation on macrophages was due to direct DNA damage. 
In contrast, radiation-induced cell death in C3H mouse PRMs was not 
attributable to DNA damage (Kubota et al. 2004). The effects of irradiation 
on macrophage functions and macrophage cell death might depend on 
different mechanisms. Therefore, it cannot be inferred that C3H mouse 
PRMs are also radiosensitive with respect to radiation-induced functional 
alterations. 
Basically, ionizing radiation exerts biological effects by ionizing various 
substances in living organisms. Oxygen and water have been recognized to 
be particularly important as ubiquitous constituent of living things and due to 
the characteristic that primary ROS are produced following ionizing radiation. 
ROS has been recognized to be responsible for a large number of the 
biological effects elicited by ionizing radiation (Kiefer 1990, Chatterjee and 
Holley 1991, Reley 1994). For example, the DNA damage caused by 
interaction with ROS predominates over that due to direct ionization in cells 
irradiated with low-LET radiation such as X and ? rays. Superoxide formed 
by ionizing radiation is rapidly reduced by SOD to hydrogen peroxide. 
Superoxide also rapidly reacts with nitric oxide, yielding peroxynitrite 
(Szabo and Ohshima 1997). Hydroxyl radical is generated by the reduction 
of hydrogen peroxide or through peroxynitrite (Jacobson 1996). Therefore, 
various ROS are produced by sequential reactions of ROS (Suzuki et al. 
1997), and all of these ROS have the potential to trigger apoptosis (Buttke 
and Sandstrom 1994). Currently, however, the involvement and precise roles 
of individual ROS in the apoptotic process are not well understood. 
Therefore, it was of significance to examine whether radiation-induced 
apoptosis in C3H mouse PRMs was attributable to ROS and what kind of 
ROS played a major role in the induction. Hydroxyl radical scavengers, iron 
chelator, singlet oxygen scavenger, peroxynitrite scavenger, and nitric oxide 
 ???
synthase inhibitor did not affect the apoptosis. On the other hand, 
superoxide scavenger significantly suppressed the apoptosis. The results 
suggest that superoxide is the key molecule responsible for the induction of 
apoptosis. However, the involvement of hydrogen peroxide or other 
peroxides in the apoptosis could not be excluded, and further experiments 
had to be done. At first the authors tried to quantify lipid peroxidation by a 
thiobarbituric acid (TBA) reaction. Although lipid peroxide was known to 
self-propagate by a chain reaction with time, the sampling time for the assay 
was limited to within 2 hr after irradiation because significant apoptosis was 
induced in C3H mouse PRMs 3-4hr after irradiation. No significant lipid 
peroxidation was observed in the samples of C3H mouse PRMs up to 2 hr 
after irradiation at doses up to 100 Gy. On the other hand, the measurement 
of the intracellular peroxide level using DCFH 2 -DA loaded before irradiation 
or hydrogen peroxide treatment successfully demonstrated the increased 
level of intracellular peroxide immediately after radiation exposure or 
hydrogen peroxide treatment. A series of experiments including those using 
DCFH 2 -DA or BSO demonstrated that hydrogen peroxide induced apoptosis 
in C3H mouse PRMs in quite a different manner from irradiation, and the 
radiation-induced apoptosis in PRMs was not attributable to hydrogen 
peroxide or the other peroxides. Furthermore, the intracellular introduction 
of exogenous SOD into C3H mouse PRMs using an HVJ envelope vector kit 
significantly suppressed the radiation-induced apoptosis, however the 
introduction of catalase did not. These findings confirmed that superoxide 
was the only ROS responsible for radiation-induced apoptosis in C3H mouse 
PRMs.  
    In contrast to the source of ROS, the molecular targets of ROS during 
the apoptotic process are little understood. Direct DNA damage or the 
formation of oxidized lipids in cell membranes has been considered a 
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possible cause of radiation-induced apoptosis (Clarke et al. 1993, Lowe et al. 
1993, Enokido et al. 1996, Herzog et al. 1998, Araki et al. 1998, Inanami et 
al. 1999, Kim et al. 2001). These events must occur also in C3H mouse 
PRMs on exposure to irradiation. However, recently we reported a study 
demonstrating that radiation-induced DNA damage and the biochemical 
events occurring downstream thereof were not involved in radiation-induced 
apoptotic cell death in C3H mouse PRMs (Kubota et al. 2004). In the study, a 
series of experiments were performed in order to evaluate DNA damage and 
repair by means of a comet assay and to compare radiation-induced 
apoptosis in PRMs of p53 knockout mice, atm knockout mice and scid mice 
with that in C3H wild type mice. The comet assay revealed that DNA damage 
of C3H mouse PRMs by irradiation and the repair were comparable to those 
of B6 mouse PRMs. Furthermore, the experiments using knockout mice 
showed that the p53 product, ATM and DNA-PKcs, the most probable 
participants for DNA damage-induced apoptosis, were not involved in 
radiation-induced apoptotic cell death in C3H mouse PRMs. It also seems 
that lipid peroxidation is not responsible for radiation-induced apoptosis in 
C3H mouse PRMs, given that the radiation-induced apoptosis is quite 
different from hydrogen peroxide-induced apoptosis, not sensitized by BSO, 
not correlated with the oxidation of DCFH 2 -DA into DCF and not suppressed 
by the intracellular introduction of catalase, although lipid peroxidation could 
not be successfully measured using the TBA reaction. Alternatively, 
particular signaling molecules may be affected by ROS directly or indirectly. 
A recent study suggested that apoptosis signal-regulating kinase 1 (ASK1) 
was a possible target of ROS (Gotoh and Cooper 1998). ASK1 is a member 
of the mitogen-activated protein kinase kinase kinase superfamily that 
activates both the c-Jun N-terminal kinase pathway and the p38 MAP kinase 
pathway (Wang et al. 1996, Ichijo et al. 1997). Both pathways have been 
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shown to be involved in triggering apoptosis in a number of studies. 
However, there is no evidence that superoxide directly activates ASK1. It 
would be interesting to know whether ASK1 activation is necessary in 
radiation-induced apoptosis of C3H mouse PRMs. A few studies identified 
superoxide as the exclusive molecule eliciting specific biological responses 
including apoptosis (Moreno-Manzano et al. 2000, Wang et al. 2002). 
However, the molecular targets of superoxide remain to be identified. 
Although pharmacologic inhibitors of intracellular enzymes are useful 
tools when examining the cellular function of enzymes, the action of these 
inhibitors is not specific enough to make a definitive conclusion in a number 
of cases. In the present study, an attempt was made to enhance the 
intracellular level of SOD or catalase in C3H mouse PRMs in order to 
acquire definitive evidence of the involvement of superoxide or peroxides in 
radiation-induced apoptosis. PRMs are terminally differentiated cells that 
hardly proliferate even in the presence of mitogenic factors such as M-CSF 
and GM-CSF. The transfection of such cells with a recombinant DNA to 
induce the expression of a specific protein appears to be ineffective. 
Therefore, the HVJ envelope vector kit was used. It has been reported that 
the efficient introduction of DNA, RNA and proteins into many kinds of cells 
is achieved using the kit (Kaneda et al. 2002, Kato 2002). Preliminary 
experiments showed that only 1 hr after the transfection of C3H mouse 
PRMs with the envelope vector included with FITC-labeled bovine serum 
albumin, more than 60 % of PRMs were labeled (figure 3.A). By means of 
this novel technique, it was confirmed that superoxide was the only molecule 
mediating radiation-induced apoptosis in C3H mouse PRMs.  
   The protein expression of SOD in C3H mouse PRMs was comparable to 
that in B6 mouse PRMs, however SOD activity in PRMs differed significantly   
between C3H and B6 mice. There is DNA sequence data showing that the 
 ???
inferred amino acid sequence of Mn-SOD is identical between C3H and B6 
mice (Disilvestre et al. 1995). The evidence that SOD activity and protein 
expression levels in the liver are almost the same between C3H and B6 mice 
suggests amino acid identity between the SOD of C3H and B6 mice. In 
contrast, SOD activity was significantly weaker in C3H mouse PRMs than B6 
mouse PRMs. The discrimination of Mn-SOD and Cu,Zn-SOD activity by 
ethanol-chloroform extraction that inactivated Mn-SOD but not Cu,Zn-SOD 
according to the instruction manual of BIOXYTECH SOD-525 TM  
demonstrated the predominance of Mn-SOD activity in B6 mouse PRMs, 
reflecting the result of protein expression by the western blot. It suggested 
that the low SOD activity in C3H mouse PRMs was attributable to the low 
Mn-SOD activity. It was possible that unknown substances existed in C3H 
mouse PRMs to suppress SOD enzyme activity. The experiment where a 
standard SOD sample (Cu, Zn-SOD from bovine erythrocytes) was mixed 
with the sample of C3H mouse PRMs suggested the presence of   
inhibitory substances to SOD activity in C3H mouse PRMs (figure 4.D). The 
inhibitory substances may suppress both Mn-SOD and Cu,Zn-SOD 
activities.    
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5-5. Conclusion 
Remarkable apoptosis was induced by gamma ray-radiation in 
peritoneal resident macrophages (PRMs) of C3H/HeJ mice, but not other 
strains of mice. Hydroxyl radical scavengers, a peroxynitrite scavenger or 
an inhibitor of nitric oxide synthesis, did not affect the apoptosis. In contrast, 
the apoptosis was significantly inhibited by treatment with a 
pharmacological scavenger of superoxide anion, Tiron. Intracellular 
peroxide levels were not elevated by irradiation at doses high enough to 
induce apoptosis at maximal level, however treatment with hydrogen 
peroxide significantly increased intracellular peroxide levels at a dose 
inducing roughly half the level of maximal apoptosis. Radiation-induced 
apoptosis in C3H mouse PRMs was markedly suppressed by superoxide 
dismutase introduced into the cells using the HVJ envelope vector, but not 
catalase. From these results it was concluded that superoxide played the 
major role in radiation-induced apoptosis in C3H mouse PRMs. No 
significant difference in the protein expression of superoxide dismutase in 
PRMs was found between C3H and B6 mice. However, the level of activity of 
superoxide dismutase was significantly lower in C3H than B6 mouse PRMs.     
 ???
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6. Future studies 
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6. Future studies 
Preliminary experiments demonstrated that Mcl-1 protein, anti-apoptotic protein 
belonging to the bcl-2 family, disappeared in C3H/HeJ mouse PRMs exposed to?-
irradiation, however the expression of the other apoptosis-related proteins such as 
bcl-XL, bcl-2, A1, bax, and Iap was unchanged (unpublished data). The data suggest 
that decreased Mcl-1 expression is indispensable for radiation-induced apoptosis in 
C3H mouse PRMs. Whether the depression of Mcl-1 protein expression induces 
apoptosis in C3H mouse macrophages should be examined by means of anti-sense 
RNA or siRNA. Furthermore, the mechanism by which superoxide produced by 
irradiation depresses Mcl-1 protein expression has to be investigated for complete 
elucidation of the mechanisms of radiation-induced apoptosis in C3H macrophages. 
    The author has found a different cytotoxic response to gadolinium, one of 
lanthanide element, between mouse and rat alveolar macrophages (Kubota et al. 
2000b). Besides ionizing radiation, species and/or strain differences may exist in 
macrophage responses to various environmental toxicants. 
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